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 This thesis describes the synthesis, characterization and potential 
applications to a series of binary and ternary metal sulfides. The key objectives 
are to fabricate metal sulfide materials of different morphologies (size and 
shape) and to study some interesting properties of the materials obtained. The 
thesis comprises of two main parts. Part I (Chapters 2 to 4) focuses on the 
material fabrication, where we will discuss on how various metal sulfides of 
varying morphologies are obtained by chemical means, from either single- 
dual-source precursors. Part II (Chapters 5 to 7) presents the study on the 
potential applications, based on some of the interesting properties exhibited by 
some of the materials fabricated. The main characterization techniques 
employed include PXRD, HRTEM and FESEM. 
 Chapter 1 presents a brief introduction and history on the 
developments in nanoscience. The fundamentals of nucleation will be 
discussed, along with various experimental methods on nano-material 
fabrication. 
 In Chapter 2, the synthesis and characterization of Sb2S3 micro-crystals 
of varying morphologies, obtained from the thermal decomposition of the 
Sb(SCOPh)3 single-source precursor will be discussed. Despite the use of just 
one precursor, different morphologies have been obtained by means of control 
in reaction conditions. 
 Chapter 3 discusses the synthesis and characterization of water 
dispersible metal sulfides from dual-source precursors. Unlike the previous 
methodology with a single source precursor, the metal and sulfur comes from 
two separate sources. Sodium thiosulfate acts as the main sulfur source, with 
 VIII 
 
various metal salts as the respective metal source. The reactions are performed 
in water with MSA as the primary surfactant.  
 Chapter 4 is an extension of Chapters 2 and 3, with the target product 
of the "ternary" Sb(2-x)BixS3 (with a range of varying Sb:Bi ratios) being 
prepared from the methods employed in both earlier chapters. Both systems 
yielded different trends in the morphology changes with varying Sb:Bi ratios.   
 Chapter 5 opens Part II of this thesis with the NLO studies of 
Bi2S3@Au nano-rod (NR) composites. The Bi2S3@Au nano-composites 
consist of smaller Au nano-particles attached onto the larger Bi2S3 NRs. In our 
studies, we report NLO enhancement for Bi2S3@Au nano-composites as 
compared to bare NRs. 
 In Chapter 6, we will discuss the bio-imaging application studies on 
Bi2S3 as a potential CT scan contrast agent. Additional post-synthesis 
treatment is first performed on the Bi2S3 to increase dispersity and solvent 
compatibility with saline. Subsequently, phantom CT scans are performed on 
the saline colloidal samples of Bi2S3 and compared against current iodine-
based contrast agents used for clinical purposes.  
 In  Chapter 7, we will discuss the photo-catalytic studies performed on 
selected water dispersible metal sulfides, prepared from earlier discussed 
methods. The study is based on the photochemical degradation of colored dyes 
methylene blue, methyl orange and rhodamine B,  in the presence of the metal 
sulfides under UV light irradiation.  
 Finally in Chapter 8, we will briefly recap the work discussed in this 
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1.1 Brief history of nanoscience 
 In 1951, Professor Richard Feynman delivered his landmark lecture 
"There's Plenty of Room at the Bottom",
1
 which is widely considered as the 
motivation for the conceptualization of modern day nanoscience. Ironically 
there was not much development in the field of nanoscience until the invention 
of the scanning tunneling microscope (STM) in 1981 at the IBM Zurich 
Research Laboratory.
2
 This invention allowed the characterization and 
imaging of samples at the nano-scale,
3
 which eventually led to the rapid 
development of the nano research.  
 
 Interestingly, the application of nano-sized materials is not a new 
development in modern day material fabrication. One of the earliest examples 
is the "Lycurgus Cup", manufactured in 4th century A.D. by the Romans. The 
dichroric effect observed on the cup surface is due to the coating of Ag-Au 
nano-particles.
4,5
 Similarly, the colored stained glass of cathedral windows 
dating back to the medieval ages, are also due to the presence of gold and 
metal nano-particles. Other than for aesthetic purposes, nano-particles also 
enhance the physical properties of the materials. Another pre-modern example 
is the "Damascus saber", renowned for its hardness and sharpness. Modern 
day HRTEM characterization of that ancient material revealed that the weapon 





 of carbon nano-tubes in 1991 and the discovery of 
the C60 Buckminsterfullerene
9
 in 1985 by many centuries! Faraday's discovery 
of colloidal gold in 1857 was one of the first scientific documentations of 
nanoscience, where nano-sized gold were observed to be of different colors, 
depending on the lighting conditions.
10





 Since nano-materials are reported to have enhanced and sometimes 
unique properties as compared to their bulk material counterparts, it is of no 
surprise that nano-technology has already made its way to our modern day 
living consumer products. For example, carbon nano-tubes based materials 
have been used in sports rackets due to their toughness but yet lightweight 
property. Silver nano-particles have been coated onto the drums of washing 
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machines with claims of anti-bacterial properties. Despite all the reported 
benefits claimed from products with incooperated nano-technology, there is a 
rising concern over the regulation of such products,
12
 where health and 
environmental issues are currently being the hotly debated. 
 
1.2 Controlling the growth of nano-particles 
 In the traditional "top down" approaches in material fabrication, 
smaller products are obtained from larger raw materials. Conversely, the 
"bottom up" approach makes use of the assembly of smaller building blocks to 
form larger products. The latter approach is expected to be a more efficient 
due to the ability of molecular level control and minimizes any wastage of 
material. Moreover, top down approaches are bounded by physical laws that 
limit the extent of any further miniaturization.
13
 However the key challenge 







 The understanding of the growth mechanism during material 
fabrication is therefore vital in the development of methodologies to control 
particle growth towards the desired direction. Due to the complexity of the 
interactions between each component of the reaction mixture,
16
 each reaction 
system is unique and it is difficult to describe a general trend that fits all 
systems. Various growth mechanisms have been proposed based on kinetic 
models.
17-19
 A simplified illustration of a generic growth mechanism is shown 
in figure 1.1 below, adapted from the model proposed by Park et al.
18
 with the 
classical nucleation theory (figure 1.2) being taken into consideration.  
 
 
Figure 1.1. Proposed growth mechanism of the formation of nano-particles 
from colloidal synthesis. 
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 As the chemical reaction proceeds, the concentration of product 
formed increases. Eventually the reaction mixture becomes supersaturated 
when the product solute concentration is higher than the saturation 
concentration (Csat). The random diffusion of the solutes forms embryos; stage 
(1). Nucleation occurs at stage (2a) when solute concentration is higher than 
the nucleation concentration (Cnuc). As more nuclei forms, the solute 
concentration drops due to the consumption of solute. When the concentration 
falls below Cnuc, nucleation stops where no new nuclei will be formed. Instead 
nuclei growth via diffusion will occur at stage (2b) until the equilibrium 
concentration is reached, forming primary particles. At stage (3), the primary 
particles undergo further growth by means of agglomeration, sintering or 
Ostwald ripening, which yields larger secondary particles. However the 
agglomeration of particles has to be controlled to prevent over-agglomeration 
to bulk materials. Surfactants or capping agents control over-agglomeration by 
capping the surfaces of the particles, where the particle size can be adjusted by 
means of varying the amount of surfactant used. However, it is to be 
highlighted that this model is heavily simplified as varying reaction conditions, 
such as temperature, interaction between reactants, counter ions, etc may 
affect either nucleation or growth at different rates. 
 
1.3 Fabrication methods of nano-materials 
 In this section, we will briefly discuss some basic working concepts on 
the two main fabrication methods used for our studies. A greater scope of 
relevant literature survey will be discussed in greater detail in the respective 
introduction sections of the subsequent chapters.  
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 The preparation of nano-materials can be broadly classified into 
physical and chemical methods. Both approaches have their respective 
advantages and limitations. Examples of physical methods include chemical 
vapor deposition (CVD),
21-23





 and laser ablation.
31,32
 Physical methods such as CVD and 
MBE are very useful for fabricating crystalline thin film materials and the film 
thickness can be controlled to the precision of a few nanometers.
27
 However 
the main disadvantages of physical methods are their complexity, high cost 







 Chemical methods on the other hand operate under milder conditions. 
Colloidal synthesis is one of the more popular methods used due to its 
simplicity, versatility and relatively low set up cost. The setup can be just as 
simple as stirring a precursor mixture in a flask with heating in an oil bath. A 
typical colloidal synthesis is made up of three components, namely the 
precursor(s), surfactant and solvent.
16
 The precursors may either  categorized 
as single- or multiple-source, where the decomposition of the precursor yields 
the targeted material. As discussed earlier in the previous sub-section, the 
surfactant acts as a capping agent to prevent agglomeration of particles and 
also to control the particle growth rate. In some cases, the surfactant also plays 
the role of the solvent.  The variation of these three main components along 
with other reaction parameters (temperature, duration, etc.) allows the 
researcher to have greater control during the process of material fabrication. 
 
 Solvothermal synthesis is also another popular chemical method, 
where a typical synthesis is carried out in a sealed vessel, often a Teflon 
autoclave sealed inside a stainless steel bomb jacket. Under sealed high 
pressure conditions, the reaction temperature can be elevated to above the 
solvent's usual boiling point. This enables greater solubility of the reagents 
used and thereby increases the rate of reaction. Also with the condition of 
elevated pressure, new material can be stabilized and prepared at temperatures 
lower than the required temperature for phase transition under normal 
atmospheric conditions.
34,35
 Solvothermal reactions usually yield crystalline 
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products, without the need for post reaction annealing processes. 
Hydrothermal reactions refer to similar reactions with water as the solvent. 
 
1.4 Aim and scope of this thesis 
 This work is divided into two main parts. The first part (Chapters 2 to 
4) focuses on the fabrication of nano-materials, while the second part 
(Chapters 5 to 7) discusses some of the potential applications of the nano-
materials fabricated.  
 
 As mentioned in the earlier section of this chapter, nano-materials 
exhibit interesting properties as compared to their bulk counterparts. The first 
part forms the major portion of this thesis, as efforts are devoted to study and 
optimize controls for the "bottom up" approach fabrication of nano-sized 
metal sulfides with different morphologies. For practical purposes, our 
syntheses are kept as simple as possible, with the intention of possibly 
performing large scale fabrication of the nano-material. Despite keeping our 
methodology simple, the trends observed are extensive and in some cases 
unique for a specific metal system. Both single- and dual-source precursors are 
used as starting materials and a wide variety of metal sulfides, both binary and 
ternary are successfully prepared. This demonstrates the versatility of our 
method in preparing metal sulfides. 
 
 In the second part, the physical properties of the as-prepared metal 
sulfides are studied. Potential application studies are also performed, ranging 
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Synthesis and characterization of antimony(III) 
sulfide micro-structures from 
tris(monothiobenzoato)antimony(III) 










 In recent years, there have been enormous developments in the field of 
materials chemistry with regards to the control of shape and size. The sizes of 
these materials range from micro to nano-size. The driving force behind this 
interest is due to the fact that the morphology of the particles of a material is 
correlated to its resulting novel physical properties such as mechanical, 
electronic, magnetic and optical properties. The understanding of growth 
mechanism of particles is therefore vital in the design of experiments to 
synthesize materials with the desired morphology.  
 
 Antimony(III) sulfide (Sb2S3) is a notable material with potential 
photovoltaic applications that has drawn a substantial amount of interest due 
to its direct band gap (Eg) range of 1.5 to 2.2 eV.
1
 The optimal band gap of 1.5 
eV for photovoltaic conversion in solar energy materials
2
 is within this range, 
thus making Sb2S3 a potential material for solar energy applications. Extensive 
research on various methods to synthesize mono-dispersed Sb2S3 particles had 
been developed, including physical methods such as chemical vapor 
deposition (CVD),
3,4












 synthesis, etc. The use of simple chemical 
methods such as reflux have been of interest due to their simplicity, relative 
lower energy requirements (as compared to physical methods) and 
reproducibility. In addition to the choice of method employed, another factor 
to be considered is the choice of precursor(s). Both single and double source 
precursors have been employed but overall a single source would be more 
convenient as compared to a double source.
19
 The sulfur-donor ligand metal 
complexes are a series of suitable single-source precursors for the preparation 








thiocarboxylates, as illustrated in Figure 2.1 below. 
  





































Thiourea Thiosemicarbazide Thiophosphate 
Figure 2.1. Structures of selected sulfur donor ligands. 
 
 In this study, we chose thiobenzoate (PhCOS
-
) complexes as the 
precursor due to their relative stability and ease of preparation. Thiobenzoates 
are essentially thiocarboxylates with a phenyl group attached to the carbonyl 
carbon. Scheme 2.1 below summarizes the entire reaction pathway. The 
preparation of the Sb(SCOPh)3 precursor is a two-step reaction where sodium 
thiobenzoate was first prepared in-situ by deprotonation of thiobenzoic acid 
with sodium hydroxide, followed by the addition of antimony(III) chloride to 
yield the precursor precipitate. Subsequent thermal decomposition, of the 
thiobenzoate precursor yielded the Sb2S3 product, possibly via an 
intramolecular nucleophilic displacement mechanism as illustrated in Figure 
2.2.
22
   
  
PhCOSH + NaOH  Na(SCOPh) + H2O 
3 Na(SCOPh) + SbCl3  Sb(SCOPh)3 + 3 NaCl 
2 Sb(SCOPh)3  Sb2S3 + 3 (PhCOS)2 
Scheme 2.1. Preparation of Sb(SCOPh)3 and its decomposition to Sb2S3. 






Figure 2.2. Proposed decomposition mechanism of Sb(SCOPh)3. 
 
 Our group previously reported that Bi2S3 nanorods of varying 
morphologies
23
 were obtained from the decomposition of its respective 
benzothioate single-source precursor, Bi(SCOPh)3 under different 
experimental conditions. Therefore in this chapter, we will discuss the 
extension of our studies to the antimony(III) system with the use of the 
respective Sb(SCOPh)3 precursor. It was observed that from the use only one 
precursor, different micro-sized structures of different shapes were obtained by 
varying the experimental conditions. The Sb2S3 products obtained were 
relatively phase pure and homogenous, as ascertained from PXRD and SEM 
characterizations respectively. The crystalline black Sb2S3 samples were 
prepared by colloidal synthesis via the decomposition of the Sb(SCOPh)3 
single-source precursor. All products obtained were characterized by powder 
X-ray diffraction (PXRD), scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX). 
Ultraviolet-visible (UV) spectroscopic characterization was also performed on 
the colloidal solutions of selected samples. Microstructures of various 
morphologies were obtained depending on reaction conditions, such as 
reaction temperature, solvent and surfactant. The structures obtained include 
bowtie-like, half bowtie-like, flower-like, sausage-like, plate-like, hollow rods 





and radial clusters of rods. An evolution pathway illustrating the growth 
mechanism is also proposed. 
 
2.2 Results and Discussion 
 It was observed that varying the reaction conditions in the 
decomposition of Sb(SCOPh)3 yielded different micron-sized Sb2S3 particles 
of various shapes and sizes. Some of the conditions varied include the type of 
solvent and surfactant used, the solvent to surfactant ratio, reaction 
temperature and duration. We have broadly classified our reactions into two 
systems based on the hydrophilicity of the respective solvent and surfactants 
used. We will first discuss the hydrophobic systems, where the solvents used 
were trioctylphosphine oxide (TOPO) and octyldecene (ODE). The 
accompanying surfactants used are mainly organic thiols, amines and 
carboxylic acids with long hydrocarbon chains. Some examples of the 
surfactants used include 1-dodecanethiol (DdT), dodecylamine (DdA), 
octylamine (OTA), oleylamine (OLA) and oleic acid (OA). The second part of 
our discussion will be on the hydrophilic systems, where the solvents used 
were high boiling point glycols, primarily ethylene glycol (EG), in our 
investigations. Some examples of the accompanying hydrophilic surfactants 
used are polyvinylpyrrolidone (PVP), cetyltrimethylammonium bromide 
(CTAB), sodium dodecyl sulfate (SDS), mercaptosuccinic acid (MSA) and L-
cysteine (L-cys). 
 
 All solid products obtained from the various reactions were 
characterized by powder X-ray diffraction (PXRD). Typically all dark grey 
and black solids obtained were found to be crystalline orthorhombic phase 
Sb2S3 (JCPDS 00-042-1393), while orange to brown solids were found to be 
amorphous Sb2S3. Figure 2.3 below shows typical PXRD patterns with the 
indexing of the relevant reflection planes of various Sb2S3 prepared under 
different reaction conditions. No impurities of crystalline Sb2O3 or elemental 
Sb were detected.  






Figure 2.3. PXRD patterns of Sb2S3 samples obtained from the 
decomposition of Sb(SCOPh)3 under varying reaction conditions given above. 
The ratios above (wherever applicable) refers to Precursor : TOPO : DdT ratio. 
 
2.2.1 Hydrophobic solvent-surfactant decomposition reactions 
 TOPO is a high boiling point solvent (boiling point ~411
o
C) which 
consists of a polar P=O group and three octyl hydrocarbon chains, and was 
used as our primary solvent for the hydrophobic solvent-surfactant reactions. 
In this series of decomposition reactions of the Sb(SCOPh)3 precursor with 
TOPO, we observed that primarily rod-based Sb2S3 micro structures were 
obtained. The inclusion of hydrophobic surfactants such as DdT and OLA 
served as further controls to fine tune the resulting micro structures of the 
Sb2S3 samples obtained, as illustrated by Figure 2.4 below.  
 
 
Figure 2.4. SEM micrographs of Sb2S3 samples obtained under different 
solvent-surfactant reaction conditions: (a) TOPO, 150
o
C, 1 h (average 
diameter: 15 μm; inset is the magnification showing the hexagonal cross 
sections) ; (b) TOPO-DdT, 150
o
C, 1 h (average length: 7-10 μm); (c) TOPO-
OLA, 200
o
C, 2 h (average length: 7 μm).  
a b c 





 The precursor to TOPO molar ratio for all reactions was fixed at 1:50. 
Reactions with TOPO alone at 150
o
C for 1h yielded hollow Sb2S3 rods with 
hexagonal cross sections and an average length of 15 μm, as observed in the 
SEM micrograph in Figure 2.4(a) above. Other types of prominent secondary 
micro structures obtained are co-joined rods or clusters of hollow rods that 
radiate from a centre (henceforth referred to “radial clusters”), with an average 
diameter range of 10-15 μm. The general reaction mechanism for the 
formation of Sb2S3 is likely to be similar to a proposed two-step “nucleation-
self assembly” mechanism in the literature24. The Sb(SCOPh)3 precursor first 
forms a soluble complex with hot liquid TOPO as indicated by the formation 
of a clear yellow solution, presumably Sb(SCOPh)3(TOPO). The subsequent 
decomposition of this complex readily occurs upon reaching suitable 
temperatures (>150
o
C), with the formation of an orange colloid consisting of 
amorphous Sb2S3. These amorphous Sb2S3 particles appear to act as seeds or 
nucleation sites. On prolonged heating, further self assembly and crystal 
growth occurs and this results in the formation of rods. Experimentally, this is 
observed by the darkening of the orange colloidal to dark red and eventually to 
dark grey, which consist of crystalline orthorhombic phase Sb2S3. The 
formation of these micro rods suggests that TOPO acts as both a solvent and 
surfactant.  
 
 The eventual formation of hollow rods is a result of different growth 
rates between the internal and exterior portions of the rod via the “solid-
solution-solid” mechanism.24  We believe that the formation of either rods or 
radial clusters is dependent on the relative rates of nucleation and crystal 
growth. When the nucleation rate is faster than the growth rate, the formation 
of the secondary co-joined rods and radial clusters due to “inter-rod 
attachment”25 is favored. Conversely, the formation of rods is favored when 
growth rate is faster than nucleation rate. The mechanism for the formation of 
the radial clusters will be further elaborated in the next sub-section of this 
chapter. 
  





Thermal decomposition reactions with TOPO and DdT 
 Having demonstrated that the decomposition of Sb(SCOPh)3 in only 
TOPO yielded hollow rods and radial clusters, we extend our investigation to 
the combination of surfactant systems. DdT is a sulfur coordinating surfactant 
that is compatible due to its high hydrophobicity and good solubility in liquid 
TOPO. A quick survey of the literature reveals that the use of DdT as a 
surfactant has been widely reported to produce organic solvent soluble 
nanoparticles.
23
 The decomposition reactions with the precursor-TOPO-DdT 
ratio of 1:50:5 also yield similar micro hollow rod and radial clusters but with 
a narrower size distribution, as compared to the reactions performed with only 
TOPO. This is probably due to the presence of DdT, which acts as a stronger 
capping agent as compared to TOPO. Figure 2.5 below illustrates a trend 
where increasing reaction temperatures from 150 to 200
o
C results in a larger 
proportion of radial clusters as compared to rods. For the reaction at 200
o
C, 
the rod length ranged from 5-20 μm while the average cluster diameter was 
about 10 μm. The nucleation rate is likely to increase to a greater extent as 
compared to growth rate as the reaction temperature increased from 150 to 
200
o
C. This is consistent to experimental observations with a shorter time 
required to form an orange colloid with increasing reaction temperature from 
150 to 200
o
C. However a further increase in reaction temperature to 250
o
C 
favors the formation of rods instead of radial clusters. This suggests that the 
growth rate overtakes the nucleation rate.  Based on these observations, we 
deduce that 200
o
C is the optimal temperature favoring the formation of radial 
clusters over rods. 
 
 When the amount of DdT added is increased to 50 molar equivalents of 
the Sb(SCOPh)3 precursor, an entirely different microstructure was obtained as 
shown in Figure 2.4(b) above. “Bowties” with an average maximum 
longitudinal section (LS) length of 7-10 μm were obtained at for a 1h-reaction 
with a temperature of 150
o
C. On closer observation with TEM, the bowties 
were actually bundles of non-hollow rods with each individual rod diameter of 
about 200 nm, with rounded edges, as seen below in Figure 2.6(a). From the 
HRTEM studies, the lattice fringe spacing is estimated to be 2.678 Å, which 
corresponds to the (301) plane of orthorhombic phase Sb2S3 (JCPDS 00-042-





1393). The atomic ratio of Sb:S is found to be 40.2:59.8, based on EDX 
studies, which is close to the expected ratio of 2:3. The observed copper peaks 
are from the copper TEM grids. 
 
 
Figure 2.5. SEM micrographs of Sb2S3 samples obtained from 1 h 
decomposition reactions with precursor-TOPO-DdT ratio of 1:50:5, under the 
temperatures of (a) 150
o
C (average length: 5-10 μm); (b) 175oC (average 
length: 5-20 μm); (c) 200oC (average diameter: 10 μm). Detailed analysis of 




Figure 2.6. Characterization of Sb2S3 "bowtie" sample obtained from the  
1 h decomposition reaction at 150
o
C with precursor-TOPO-DdT ratio of 
1:50:50. (a) TEM image of one end of the "bowtie" making up of individual 
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 To study the growth of these "bowties", we isolated the product at 
various time intervals from 30 minutes to 12 h while keeping all other reaction 
parameters consistent. A shorter reaction duration of 30 minutes yielded 
mainly “half-bowties” / “oriental fan shaped” structures with an average LS 
length of 2.5 μm as the major product as seen in Figure 2.7(a). Some complete 
bowties structures were also present as the minor product but with a shorter 
average LS length of only 5 μm, as compared the bowties obtained for the 1 h 
reaction. There was no further significant change the overall shape and size of 
the bowties and half-bowties obtained when the reaction time was increased 2 
h, as seen Figure 2.7(b). When the reaction duration was prolonged to 12 h, 
mainly half-bowties of similar size (5 μm radii) were obtained, as seen in 
Figure 2.7(c). It is therefore apparent that the bowties would not grow further 
in relative size for reactions performed at 150
o
C.  Interestingly, more half-
bowties were obtained under prolonged reaction conditions and these half-
bowties appeared to have a wider three dimensional (3D) arc as compared to 
their respective counterparts obtained from shorter reaction durations.  
 
 
Figure 2.7. SEM micrographs of Sb2S3 samples obtained from 
decomposition reactions with precursor-TOPO-DdT ratio of 1:50:50 at 150
o
C, 
at durations of (a) 30 min (average length: 2.5-5 μm); (b) 2 h  (average length: 
7 μm) and (c) 12 h  (average length: 5-10 μm).  
 
 We propose the overall growth mechanism of the structures obtained 
from our reactions based on the extension of the mechanism proposed by An. 
et al.,
21
 as illustrated in Figure 2.8 below. Amorphous Sb2S3 seeds acting as 
nucleation sites formed are first capped with excess DdT surfactant. While 
TEM characterization is useful in the differentiation of crystalline and 
amorphous structures, the large micron-sized structures obtained make it 
difficult for the electron beam to penetrate through. This makes it difficult to 
a b c 





determine if the cores of the structures are indeed amorphous, which were also 
reported by An. et al.
21
 Therefore HRTEM and SAED studies are limited at the 
site of a single rod edge as shown in Figure 2.6 above. The presence of excess 
surfactant confines the eventual agglomeration and growth of crystalline Sb2S3 
to a single face of the core. The gradual self assembly of rods on the core 
eventually forms the half bowties. Inter-core hydrophobic interaction between 
the hydrocarbon tails of the adsorbed surfactant at the corners of the half-
bowties brings the cores within close proximity. The close proximity of the 




Figure 2.8. Schematic diagrams showing the proposed bowtie growth 
mechanism. The surface of the micro crystals are also expected to be occupied 
by the surfactants, which are not shown for clarity. 
 
 The transformation from complete to half-bowties under prolonged 
heating is surprising and the mechanism remains unclear. One possible 
explanation is that the entire system was a dynamic one, such that the Sb2S3 
material might have undergone a continuous dissolution and re-crystallization 
process. One possible outcome will be the continuous growth from the core 





which widened the arc of the bowties, possibly resulting in the formation of a 
closed sphere, as reported by Lu et al.
26
 However this was not observed 
probably due to insufficient concentration of the precursor in the mixture. 
Steric hindrance might had caused the eventually separation of the widened 
bowtie unit into two separate half-bowtie units with wider arcs, as observed 
from the samples obtained from the 12 h reaction as shown in Figure 2.7(c). 
 
 Keeping the precursor-TOPO-DdT ratio fixed at 1:50:50, we further 
investigated the effect of temperature on the growth of the micro crystals. We 
observe that the structures obtained from reactions performed at 200
o
C differs 
from the previous reactions performed at 150
o
C. The higher temperature 
favors the formation of rods over bowties, based on the morphology obtained 
from the samples isolated at various time intervals, as shown in Figure 2.9.  
 
 
Figure 2.9. SEM micrographs of Sb2S3 samples obtained from 
decomposition reactions with precursor-TOPO-DdT ratio of 1:50:50 at 200
o
C, 
at durations of (a) 30 min (average length: 10 μm); (b) 1 h (average length:  10 
μm) and (c) 2 h (average length: 10 μm; insert is the magnification of the 
dotted box area). 
 
 At a short reaction time of 30 minutes, a mixture of half-bowties and 
bowties was obtained, as shown in Figure 2.9(a) above. These structures were 
larger (LS length = 20 μm) than the corresponding structures (LS length = 7-
10 μm) obtained from 150oC reactions. Another notable feature is the 
elongated cores of the bowties, probably driven by the faster growth rate of 
crystalline Sb2S3, aided by the higher reaction temperature of 200
o
C. When the 
reaction was prolonged to 1 h, uniformly shaped non-hollow rods with average 
length of 10 μm are obtained as the major product, as seen in Figure 2.9(b). 
Some radial clusters with the diameter of 10 μm were also obtained as the 
a b c 





minor product. Consequently, the major products obtained from the 2 h long 
reaction are primarily 10 μm long rods, with some half-bowties of similar LS 
length as the minor product. The growth mechanism for the half-
bowties/bowties was assumed to be similar to the above proposed mechanism 
in Figure 2.8.  
 
 The evolution of half-bowties/bowties from the 30-minute reaction to 
the rods obtained in from the 1 h reaction remains unclear. However it can be 
postulated that the rods probably evolved from the half-bowties/bowties since 
some half-bowtie remnants were observed in sample from the 2 h reaction. 
Unlike the structures obtained at 150
o
C, there is no significant arc widening of 
the half-bowties and bowties for reactions with prolonged heating. The higher 
temperature probably increases the growth rate, such that only one-directional 
growth is favored, which drives the formation of rod-like structures. Figure 
2.10 below illustrates one possible evolutionary pathway based on “core 
elongation” from the divergent growth from the bowtie centre. The elongation 
process is probably an intra-particle Ostwald ripening whereby Sb2S3 material 
from the smaller rods at the edge of elongation re-dissolve and re-crystallize 
onto the edges of the growing core. The presence of DdT surfactant, coupled 
with increased temperature at 200
o
C probably direct an overall single direction 





Figure 2.10.  Schematic of proposed evolution of rods from bowties, via 
"core elongation". 
 
 Interestingly no crystalline black Sb2S3 solid product was obtained at 
the end of a prolonged 12 h reaction at 200
o
C, where a pale yellow clear 





solution was obtained instead of any solid products. The black Sb2S3 solids 
formed initially probably form stable complexes with TOPO or DdT that re-
dissolved in the reaction mixture.  Reactions performed at other temperatures 
did not yield any useful results. Reactions at 175
o
C yielded micro-rods of wide 
distribution in lengths, while reactions performed at higher temperatures (250-
300
o
C) only yielded a mixture of rods and non-uniform particles of varying 
sizes. A further increase in the DdT concentration to 200-500 molar 
equivalents of the precursor also failed to yield any black crystalline Sb2S3 
solid products. The high concentration of DdT probably favors the formation 
of a very thermally stable complex presumably, Sb(SCOPh)3(DdT) that 
hindered the formation of Sb2S3 seeds, thus effectively quenching the 
decomposition reaction.  
 
Table 2.1.  Summary of the experimental results obtained for the TOPO-















1:50:0 150 1 h 2.4(a) HT and RC (LS / CD = 15 μm). 
 200 1 h - HT and RC, with uneven surfaces 
(LS / CD = 15 μm). 
1:50:5 150 1 h 2.5(a) HT (LS = 5-10 μm; ID = 1 μm). 
 175 1 h 2.5(b) HT (LS = 5-20 μm; ID = 1 μm). 
1:50:5 200 15 min - HT (LS = 15-20 μm); RC. 
  30 min - HT (LS = 15-20 μm); 
RC (CD = 10 μm; rod ID = 1 μm). 
  1 h 2.5(c) HT (LS = 5-20 μm); 
RC (CD = 10 μm; rod ID = 1 μm).  
  2 h - RC (CD = 10 μm; rod ID = 1 μm). 
 250 1 h - HT (LS = 10-30 μm), RC. 
1:50:50 150 30 min 2.7(a) HBT (LS = 2.5 μm);  
BT (LS = 5 μm). 
  1 h 2.4(b) 
2.6 
BT (LS = 7-10 μm). 
  2 h 2.7(b) BT (LS = 7 μm). 
  12 h 2.7(c) Wide arc HBT (LS = 5 μm); 
BT (LS = 10 μm). 
 175 1 h - Rods and rod clusters  
(LS = 5-15 μm). 





Table 2.1. (continued) 
1:50:50 200 30 min 2.9(a) HBT (LS = 10 μm);  
BT (LS = 20 μm). 
  1 h 2.9(b) Rods (0.5 x 10 μm);  
RC (CD = 10 μm). 
  2 h 2.9(c) Rods (0.5 x 10 μm);  
HBT (LS = 7 μm). 
  12 h - (No solids obtained.) 
 250 1 h - Non-uniform rods and particles. 
 300 1 h - Non-uniform rods and particles. 
1:50:200 175 15 h - (No solids obtained.) 
1:50:500 175 15 h - (No solids obtained.) 
a
 HT: Hollow tubes; RC: Radial clusters; BT: Bowties; HBT: Half bowties. 
b
 LS: Longitudinal section length;  
 CD: Cluster diameter (average sphere diameter of the RC);  
 ID: Internal diameter (of individual rod component making up the cluster). 
 
Thermal decomposition reactions with TOPO and amines 
 Long chain amines such as DdA, OTA and OLA are also commonly 
utilized as surfactants for the morphological control of nano/micro-
structures.
28,29
 The differences in the functional groups of the thiol and amine 
surfactants will likely result in the different coordinating or complexing ability 
with the precursor, which in turn affect the rate of decomposition of the 
precursor and the growth rate of the material. With regards to the capping 
ability of the surfactants onto the material surface, DdT is likely to be more 
strongly coordinating to the sulfide material via its sulfur atom of its thiol 
functional groups. In contrast, the coordination site of the amines is via the 
nitrogen atom, whereby the interaction between its nitrogen atom with  Sb2S3 
is likely to be slightly weaker than the interaction between the sulfur atoms of 
DdT and Sb2S3. The net effect of the above interactions will in turn affect the 
overall morphology of the Sb2S3 samples obtained. 
 
 We observe that different structures were obtained when the DdT 
surfactant was replaced with DdA under similar reaction conditions: precursor-
TOPO-surfactant ratio = 1:50:50. As discussed earlier, the Sb2S3 samples 
obtained with DdT are primarily bowties and radial clusters, while in reactions 





with amines yielded primarily rod structures. Comparing the rod structures 
obtained, rods with “uneven ends” were obtained from reactions in amine, as 
seen in Figure 2.4(c) above, while the rods obtained from reactions in DdT 
have smooth edges. The corrosive nature of the amines may have etched away 
the surfaces at the rod edges,
23
 resulting the absence of complete rods with 
smooth edges being obtained. Another interesting observation made is that 
reactions with amines performed at 150
o
C yielded no Sb2S3 solid products, 
even after 25 h of prolonged heating. This suggests that the amines are 
stronger complexing agents as compared to thiols, thereby a higher 
decomposition reaction temperature of 200
o
C is necessary.  
 
 We also observe that the chain length of the amine surfactant do not 
have significant effect on the general morphology. Similar uneven-ended rods 
were obtained with OTA, DdA and OLA surfactants, as shown in Figure 2.11 
below. One notable difference is the emergence of “compound rod structures” 
and X-shaped structures with  increasing amine chain length from OTA to 
DdA and OLA. Linear rods were primarily obtained in the presence of OTA 
surfactant, while the emergence of X-shaped rod structures were observed 
with DdA, a longer chain amine, as shown below in Figures 2.11(a) and (b) 
respectively. This trend is further observed in the Sb2S3 samples prepared with 
OLA, the longest chain amine of the three, where it has the largest proportion 
of rod clusters as seen in Figure 2.11(c) below.  
 
 
Figure 2.11. SEM micrographs of Sb2S3 samples obtained from 1h 
decomposition reactions with precursor-TOPO-amine ratio of 1:50:50 at 
200
o
C, with the amine (a) OTA (average length: 7 μm); (b) DdA (average 
length: 10 μm; insert is the magnification of an X-shaped structure); (c) OLA 
(average length: 10 μm; insert is a magnification of a compounded X-shaped 
structure). 
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 As mentioned in the earlier sections, growth of rods in perpendicular 
directions are common in the highly anisotropic orthorhombic Sb2S3 systems, 
resulting in rod clusters. We believe that in general, the adsorption of long 
chain surfactants onto the rod surfaces suppresses growth in other directions 
and overall promote only one-dimensional (1D) growth along the c-axis.
16,27
 
This is consistent with our experimental observations discussed in the previous 
sections, whereby a 1 h reaction at 200
o
C in the only neat TOPO, without any 
other additional surfactants yielded mainly radial clusters (Figure 2.4a). The 
growth of the radial cluster is due to anisotropic growth of 1D structures at 
multiple directions from the core, resulting in a hierarchical structure. TOPO 
being weakly coordinating, will still promote general anisotropic growth (due 
to the intrinsic anisotropic nature of Sb2S3) but is able to suppress any growth 
in other directions that deviate from the main axis of the principal 1D structure. 
The differences in the micellar configurations of different surfactants is also 
another factor that affect the overall structure. In contrast, mainly linear rod 
structures were obtained with the addition of 50 molar equivalents of either 
thiol or amine surfactants. However with very long chain surfactants, the 
possible entanglement of hydrocarbon tails may result in the overall decrease 
in surfactant adsorbed onto the micro-crystal surfaces. This results in a 
reduced suppression of other growth direction, favoring the formation of radial 
clusters instead, as observed above (Figure 2.11) with the use of amine 
surfactants with different chain lengths. Alternatively, it may be possible to 
counter the effects of chain entanglement by controlling of other factors such 
as temperature or by the use of a co-surfactant. 
 
 To understand the growth mechanism of the structures obtained for the 
TOPO-OLA systems, time dependent studies were performed. The samples 
obtained at different time intervals from 30 minutes to 12 h reveal a series of 
transformation in the structures obtained as summarized in Figure 2.12 below. 
A short reaction time of 30 minutes yields bowtie structures (Figure 2.12a) 
which are similar in shape as the bowties obtained from the reactions in the 
TOPO-DdT system. We believe that the formation of the bowties follows the 
growth mechanism that we proposed earlier in Figure 2.8. However as the 
reaction duration is prolonged to 1 h, the sample obtained consists of primarily 





elongated rods with uneven ends and some small amounts of elongated 
bowtie-like structures, as seen in Figure 2.12(b) above. This observation is a 
stark difference from the TOPO-DdT, where "arc-widening" was observed on 
the bowties formed under prolonged heating. This suggests that the uneven 
ended rods (Figure 2.12b) evolve from bowtie structures (Figure 2.12a) by the 
"core elongation" mechanism as suggested in Figure 2.9 previously. Further 
increase in reaction duration to 2 h resulted in the formation of “forked-end 
rods” (7 x 1 μm) as the major product as seen in Figure 2.12(c). 
 
 We initially postulate that prolonged reaction durations may possibly 
either increase the proportion of forked-end rods or increase the groove depth 
of the forked-ends. However to our surprise, we obtained bowties with 
average lengths of 10 to 15 μm at the end of a 12 h reaction, as seen in Figures 
2.12(f). Working backwards, we obtained samples from 6 and 10 h reactions. 
The structures obtained for the 6 h reaction (Figure 2.12d) were still mainly 
forked-end rods, similar to the sample from the 2 h reaction (Figure 2.12c). 
However, a mixture of bowties (length 10 μm) and irregular rods of longer 
lengths were obtained from the 10 h reaction, as seen in Figure 2.12(e). These 
observations suggests that the forked-end rods obtained at 2 h gradually 
"reversed" its evolution back to bowtie structures after a prolonged reaction 
duration of 12 h. However it is to be noted that the bowties obtained after 12 h 
is larger (15 μm) than the ones obtained earlier at 30 minutes (10 μm), as seen 
from the SEM micrographs of Figures 2.12(a) and (f), which are of same 
magnification. This “reverse evolution” observed in the TOPO-OLA system at 
prolonged reaction duration is probably a result of continual growth in the 
presence of available remaining precursor in the reaction mixture. Crystal 
growth continues on the forked-end rods and eventually forms the larger 
bowties as illustrated in Figure 2.13 below. 
 






Figure 2.12.  SEM micrographs of Sb2S3 samples obtained from 
decomposition reactions with precursor-TOPO-OLA ratio of 1:50:50 in 200
o
C 
at the time intervals of (a) 30 min (average length: 10 μm); (b) 1 h (average 
length: 10 μm); (c) 2 h (average length: 6 μm); (d) 6 h (average length: 6 μm); 












Figure 2.13.  Schematic of proposed morphological "reverse evolution" of 
bowties from "forked-end" rods under prolonged heating TOPO-OLA systems. 
 
 The growth mechanism of both TOPO-DdT and TOPO-OLA systems 
are likely be closely related. Similar structures, such as the half-bowties and 
bowties structures were obtained for both systems, albeit at different reaction 
conditions. Figure 2.14 below illustrates our proposed general “evolutionary 
pathway” of the Sb2S3 structures obtained, based on our experimental 
observations. In general, rod-like structures were obtained for the 
decomposition of the Sb(SCOPh)3 precursor in TOPO with either thiol or 
amine surfactants. As proposed earlier, the use of excess surfactants such as 
DdT and OLA favors 1D growth by suppressing other direction planes. We 
hereby demonstrate that various structures of each stage along the evolution 
pathway could be isolated by controlling the reaction conditions. The 
formation of forked-end rods in (Figure 2.12c) instead of complete rods may 
be a result of a combination of Oswald Ripening and different growth rates, 
whereby the growth at the outer surface of the rod is faster than the inner 
surface. As mentioned earlier, the corrosive nature of the amines may also 
have prevented the formation of complete rods. 
 
  Qian et al.
21
 also proposed a similar mechanism for the formation of 
the half-bowties, which is the result of “rapid nucleation and anisotropic 
growth” of Sb2S3, coupled with extensive surfactant capping at the opposite 
face. Lu et al.
26
 obtained similar Sb2S3 bowtie/dumbbell-like rod-bundle 
structures via solvothermal treatment in sealed autoclaves. They proposed the 
“imperfect orientation attachment (IOA)” mechanism whereby the dumbbell 
structures are the result of 1D growth of misaligned Sb2S3 rods. Under 





prolonged reaction conditions, continued growth of misaligned rods eventually 
closed the dumbbell structures, forming closed spheres. This is not observed in 
our systems, as we obtained only either rods or bowties instead of spheres 
under prolonged reaction durations. Therefore, while the IOA mechanism may 
also possibly be an alternative mechanism to account for the formation of our 
bowtie structures, it is unable to fully account for the evolution of Sb2S3 
structures that we observed. 
 
Figure 2.14. Schematic of proposed morphological evolution of rod-like 
structures obtained for TOPO-DdT/OLA systems. 
 
Table 2.2. Summary of the experimental results obtained for the TOPO-
amine decomposition reactions. The precursor-TOPO-amine ratio is 1:50:50 









Duration Fig. no. Morphology 
c,d
 
OTA 200 1 h 2.10(a) UE rods (4-7 x 1 μm). 
DdA 200 1 h 2.10(b) UE rods (10 x 1.5 μm) with 
some X-shaped structures. 
OLA 200 30min 2.11(a) HBT (LS = 5 μm);  
BT (LS = 10 μm). 
  1 h 2.10(b) 
2.11(b) 
UE rods (10 x 2 μm) with some 
X-shaped / cluster structures. 
  2 h 2.3(c) 
2.11(c) 
FE rods (6 x 1 μm). 
  6 h  2.11(d) FE rods (6 x 1 μm) with some 
intermediary BT structures.  
  10 h 2.11(e) BT (LS = 10 μm); irregular 
rods of similar lengths. 
  12 h 2.11(f) BT (LS = 15 μm) with 
constituent rods of unequal 
lengths. 





Table 2.2. (continued) 
c
 UE:  Uneven-ended; FE: Forked-ended; BT: Bowties; HBT: Half bowties. 
d
 LS:  Longitudinal section length; otherwise full dimensions given in  
  brackets. 
 
 
Thermal decomposition reactions with other hydrophobic solvent-surfactants 
 The study of the decomposition reactions are not restricted only to the 
earlier discussed systems. We also investigated many other hydrophobic 
solvent-surfactant systems but have deliberately left out the detailed 
discussion here as no significant results were obtained. Any available 
characterization data or results will be presented in the appendix (section 2.5). 
In general we observed the trend that the thermal decomposition of 
Sb(SCOPh)3 under hydrophobic conditions yields micron-sized Sb2S3 micron-
sized rod structures. Some examples are the TOPO-OA, ODE-OLA and neat 
OLA solvent-surfactant systems, which yielded rod structures with large size 
distribution. It is also interesting to note that some reactions failed to yield any 
solid Sb2S3 product, even with prolonged heating (>12 h) under high 
temperature (>12 h). Some examples are the ODE-DdT and neat DdT systems, 
where we believe that the Sb(SCOPh)3 precursor probably forms a very stable 
complex with the solvent or surfactant, which stabilizes it from any further 
decomposition to Sb2S3 under our reaction conditions. 
 
2.2.2 Hydrophilic solvent-surfactant decomposition reactions 
 As TOPO and ODE are mid-polar and non-polar hydrophobic solvents 
respectively, we subsequently extended our study into the hydrophilic solvent-
surfactant systems. We employ ethylene glycol (EG) as the primary solvent for 
this series of reactions due to its high boiling point (~197
o
C). Attempts to 
decompose Sb(SCOPh)3 with water as solvent failed to produce any Sb2S3 
product, due to the lower boiling point temperature of water at 100
o
C. Unlike 
TOPO, EG is unable to form a soluble complex with the Sb(SCOPh)3 
precursor, as the precursor remains insoluble in EG despite prolonged stirring 
at 100
o
C. Stirring at higher temperatures (e.g. 150 to 200
o
C) is not suitable due 
to decomposition of the precursor to black Sb2S3 within 1 h. Irregular plate-
like structures with lengths of 2 to 3 μm are obtained for both reactions in neat 





EG at temperatures of 150 and 200
o
C (details in section 2.5). In contrast, there 
is no decomposition observed in the suspension mixture of the precursor in 
ODE under similar reaction conditions. This demonstrates that precursor 
solubility is not a key factor affecting decomposition. 
 
 While decomposition reactions of the Sb(SCOPh)3 precursor under 
hydrophobic solvent-surfactant systems generally yielded rod-based and 
bowtie Sb2S3 micro-structures, the morphology of the Sb2S3 obtained from 
hydrophilic solvent-surfactant systems were significantly different. Interesting 
morphologies were obtained by varying the surfactant combinations with EG, 
as shown in Figures 2.15 and 2.16 below. A variety of interesting structures 
were obtained for a combination system of EG with PVP at after 17 h of 
heating at 150
o
C (Figures 2.15a-b). This prolonged duration is necessary for 
complete formation of black crystalline Sb2S3. All structures have rounded 
ends and the largest elongated structures are “sausage-like” (2 x 10 μm). Other 
structures observed includes the planar X-shaped structures and spherical 
radial clusters (5 μm diameter), also made up of rounded-end rods. This EG-
PVP reaction at 150
o
C is the only system that requires a prolonged duration 
for complete reaction. All other systems discussed below were only 1 h 
reactions. This was observed in the same EG-PVP system, where 1 h of 
heating at 200
o
C was sufficient to yield homogenous black crystalline Sb2S3 




Figure 2.15. SEM micrographs of Sb2S3 samples obtained from 
decomposition reactions with precursor-PVP ratio of 1:10 at the reaction 
temperature and duration of (a)-(b) 150
o
C, 17 h (average length: 10 μm); (c) 
200
o
C, 1 h (average length: 2 μm). 
 
a b c 





 Spherical “urchin-like” flower structures with diameters of 10 μm were 
obtained from the EG-CTAB reaction at 150
o
C (Figure 2.16a). On closer 
observations, these urchin-like structures were actually made up of thin plates, 
rather than rods. Increasing the temperature to 200
o
C yielded flower-like 
structures that also made up of thin plates but with smoother plate edges 
(Figure 2.16b-c). Similar flower-like structures were also obtained with the 
EG-MSA reaction at 200
o
C (Figure 2.16d). Rods with brush-ends (1 x 12 μm) 
were obtained from the EG-cys reaction at 200
o
C (Figure 2.16f). Reactions in 
other surfactants such as SDS and ascorbic acid (AA) did not produce any 
interesting results, as only irregular shaped plate-like structures were obtained 
(details in section 2.5). Henceforth, we have shown that different EG-
surfactant combinations yielded different morphologies, under certain specific 
reaction conditions. The growth of different structures is likely due to the 
synergistic interactions between solvent and surfactant, which affects the 
overall nucleation and growth rate of the micro-crystals. Table 2.3 below 
summarizes the results and various morphologies obtained for the EG systems. 
 
 
Figure 2.16. SEM micrographs of Sb2S3 samples obtained from 1h 
decomposition reactions with precursor-surfactant ratio of 1:10, with the 
varying surfactant and reaction temperature: (a) CTAB, 200
o
C (average 
diameter: 10 μm), (b)-(c) CTAB, 200oC (average diameter: 5 μm); (d) MSA, 
200
o
C (average diameter: 5 μm), (e)-(f) L-cys, 200oC (average length: 12 μm). 
 
a b c 
d e f 





Table 2.3. Summary of the experimental results obtained for the 









Duration Fig. no. Morphology 
e,f
 
-- 150 1 h 2.18(a) Irregular plates (LS = 2-3 μm). 
 200 1 h 2.18(b) Irregular plates (LS = 2-3 μm). 
PVP 150 17 h 2.15(a) 
2.15(b) 
Various round ended structure: 
Sausage-like (2 x 10 μm), 
planar X-shaped and RC  
(CD = 5 μm ). 
 200 1 h 2.15(c) Short rods (0.5 x 2 μm). 
SDS 150 1 h 2.18(c) Irregular plates (varying sizes). 
 200 1 h 2.18(d) Irregular plates (varying sizes). 
CTAB 150 1 h 2.16(a) MF-urchin (CD = 10 μm) 
making up of plates. 
 200 1 h 2.16(b) 
2.16(c) 
MF (CD = 5 μm) making up of 
plates. 
MSA 200 1 h 2.16(d) MF (CD = 5 μm) making up of 
plates. 
L-cys 200 1 h 2.16(e) 
2.16(f) 
Rods with brush-ends  
(1 x 12 μm). 
L-AA 200 1 h 2.18(e) Irregular plates (varying sizes). 
 
e
 MF: Micro-flowers; RC: Radial clusters. 
f
 LS: Longitudinal section length; CD: Cluster diameter (average sphere 
diameter of the RC); otherwise full dimensions given in brackets. 
 
 The investigations for the hydrophilic systems were yet to be fully 
studied for the understanding the different growth mechanism for each 
different surfactant system. However it is still interesting to note that both 
similar and entirely different structures were obtained for some hydrophilic 
solvent-surfactant conditions, as compared to their hydrophobic counterparts. 
The use of polymeric PVP surfactant produced primarily round ended 
elongated structures. As presented earlier, the use of the strongly coordinating 
DdT surfactant promoted anisotropic growth. Since PVP is also a strongly 
coordinating surfactant, it is likely promote anisotropic growth in a similar 
manner as DdT. This observation is consistent with the literature that PVP 





primarily acts as a "structure-directing reagent".
30
 In contrast, the use of the 
smaller surfactants (CTAB and MSA) produced plate-like structures that are 
further agglomerated into a spherical secondary structure. It is proposed that 
these smaller hydrophilic surfactants do not bind as strongly to the growing 
crystal structure, as the precursor is of hydrophobic nature. Therefore the self-
assembly process will be less restrictive and preferential two-dimensional 
growth via the "selective absorption" onto the entire crystal plane.
31
 However 
the use of L-cys as the surfactant still yielded rod-like structure, possibly due 
to stronger coordination to the growing material surface. 
 
2.3. Summary 
 We have demonstrated that different micro-sized Sb2S3 structures were 
obtained from the decomposition of the same Sb(SCOPh)3 single-source 
precursor by variation of solvent, surfactant, reaction temperature and duration. 
Structures obtained include bowties, hollow rods, radial clusters, forked-end 
and sausage-like rods. We also proposed the growth mechanism of the 
structures obtained from the TOPO based systems. Based on the trends 
observed in time dependent studies, an evolutionary pathway is devised to 
illustrate the transformation of structures with respect to time. The 
methodology used was simple and reproducible, making it a facile route to 
obtain the desired structural type. It is believed that the different morphologies 
will have different physical properties and future work should be directed 
towards this direction for the potential applications of the materials obtained. 
However the key challenge is to obtain even smaller size micro- or even nano-
crystals. To the best of our knowledge based our exhaustive studies performed, 
the thermal decomposition of the Sb(SCOPh)3 by mild simple chemical 
methods is unlikely to yield any mono-dispersed smaller Sb2S3 micro-crystals, 
probably due to the inability to control the rapid growth rate amiably.  
 
  





2.4 Experimental  
 All solvents and reagents used were of analytical reagent grade or 
higher (unless otherwise stated) and used without further purification. 
Trioctylphosphine oxide (TOPO), 1-octadecene (ODE) and oleic acid (OA) 
were of technical grade (90%). PXRD characterization was performed on the 
Siemens D5005 X-ray diffractometer with Cu K1 set to 1.54060 Å. SEM 
samples were prepared by mounting dried Sb2S3 powdered samples on 
adhesive carbon tape, followed by platinum-coating at 20 mV for 40 to 60 
seconds. SEM micrograph images were obtained by the JEOL JSM-5200 
scanning microscope, with the accelerating voltage set to 15 kV. TEM samples 
were prepared by depositing toluene suspension samples onto carbon coated 
copper grids, followed by drying in vacuum. TEM images and EDX spectra 
were obtained by the JEOL 2010F transmission electron microscope with the 
accelerating voltage at 200 kV. Infrared (IR) spectra were obtained by the 
Varian 3100 FT-IR spectrometer. Ultraviolet-visible (UV-vis) measurements 
were made on the Shimadzu UV2450 spectrometer. 
 
2.4.1 Synthesis of precursor tris(monothiobenzoato) antimony(III),  
Sb(SCOPh)3 
 The precursor was synthesized based on the literature method
32
. Briefly, 
sodium thiobenzoate was first prepared in-situ by adding 1 mL (8.5 mmol) of 
thiobenzoic acid to NaOH (340 mg, 8.5 mmol) dissolved in 10 mL MeOH 
under Ar atmosphere. This resulting mixture was stirred for about 5 minutes, 
until a clear yellow solution was obtained. Subsequent addition of a solution 
of SbCl3 (654 mg, 2.9 mmol) dissolved in 20 mL MeOH resulted in the 
instantaneous precipitation of cream solids. This mixture was stirred for 30 
minutes in room temperature, followed by filtration and washings with MeOH. 
The product obtained was dried in vacuum and subsequently used for 
reactions without any further purification. Note that Sb(SCOPh)3 may be 
purified by recrystallization with dichloromethane, yielding white needle-like 
crystals. Yield: 1.51g (100%). IR (/cm-1): 1591 (s), 1574 (s), 1447 (w), 1307 
(w), 1213 (vs), 1169 (m), 925 (vs), 774 (m), 688 (s), 646 (w). 
 





2.4.2 Preparation of Sb2S3 in TOPO solvent 
 In a typical synthesis, the reaction mixture containing Sb(SCOPh)3 (43 
mg, 0.081 mmol) and TOPO (1.56 g, 4.03 mmol) was stirred at 100
o
C for 
about 15 minutes until a clear yellow solution was obtained. (Yellow solution 
was also obtained in the subsequent reaction mixtures in the presence of DdT. 
However a orange-red to red solution was obtained instead in the presence of 
amines.) Subsequently, the temperature was rapidly increased to 150
o
C, 
whereby the contents were stirred for 1 h. The initial formation of amorphous 
Sb2S3 was indicated by the appearance of orange solids that gradually turned 
red to brown and finally black. The black solids were washed twice with 
isopropyl alcohol (IPA) and once in toluene. Isolation of the solids was 
performed by centrifugation at 4000 rpm. Overall dispersity of the black solids 
in either IPA or toluene was at best moderate. A homogenous black suspension 
was readily formed with physical agitation of the mixture but the solids were 
observed to settle within 5 minutes. The isolated product was dried in vacuum 
and used for further characterization. This procedure was repeated for 
subsequent reactions with the addition of different hydrophobic surfactants as 
listed in table 2.4 below.  
 
Table 2.4. Summary of amount of hydrophobic surfactants added for 
reactions in TOPO solvent. 
Hydrophobic 
surfactant 






0.097 mL (0.403 mmol) 





0.669 mL (4.03 mmol) 1:50:50 
Dodecylamine 
(DdA) 
0.931 mL (4.03 mmol) 1:50:50 
Oleylamine 
(OLA) 
1.333 mL (4.03 mmol) 1:50:50 
Oleic acid (OA) 1.285 mL (4.03 mmol) 1:50:50 
 
 
2.4.3 Preparation of Sb2S3 in ODE solvent 
 The above procedure was repeated by replacing TOPO with molar 
equivalent amounts of ODE (1.29 mL, 4.03 mmol). Investigations were only 





perform on the ODE, ODE-DdT and ODE-OLA systems. The Sb(SCOPh)3 
precursor was found to be insoluble in both heated neat ODE and the ODE-
DdT mixture. However the precursor readily dissolves in a mixture of ODE-
OLA in room temperature to form a clear yellow solution. 
 
2.4.4 Preparation of Sb2S3 in EG solvent 
 The above experimental procedure was repeated by replacing the 
TOPO solvent with EG (6 mL). It was observed that Sb(SCOPh)3 was not 
soluble in EG despite prolonged stirring at 100
o
C, as the mixture remained as 
a cream colloidal suspension. However orange coloration readily appeared 
upon increasing the reaction temperature to above 150
o
C, indicating the 
formation of amorphous Sb2S3. Black solids (crystalline Sb2S3) were 
eventually obtained after 1 h of stirring at high temperatures (>150
o
C). This 
procedure was repeated with the addition of hydrophilic surfactants as listed in 
table 2.5 below. 
 
Table 2.5. Summary of amount of hydrophobic surfactants added for 










90 mg  1:10  
Sodium dodecyl sulfate 
(SDS) 
234 mg (0.811 mmol) 1:10 
Cetyl trimethylammonium 
bromide (CTAB)   
295 mg (0.809 mmol) 1:10 
L-cysteine (L-cys) 98 mg (0.809 mmol) 1:10 
Mercaptosuccinic acid 
(MSA) 
122 mg (0.813 mmol) 1:10 
L-ascorbic acid (L-AA) 143 mg (0.812 mmol) 1:10 
 
g
 Average molecular weight of PVP polymer = 44 000. The molar ratio is 











2.5.1 Other miscellaneous reactions 
 Table 2.6 below summarizes the experimental results obtained from 
reactions with other solvent-surfactant, not discussed previously. The SEM 
micrographs are shown in Figure 2.17 below. 
 
Table 2.6. Summary of the experimental results obtained for the 














 200 1 h 2.17(a) Rods (5 x 1 μm);  
RC (CD = 5 μm). 
ODE-OLA 
h
 200 1 h 2.17(b) Straw-like bundles (LS = 4 
μm) made up of small rods 
(100 nm thickness). 
OLA (neat) 200 1 h 2.17(c) Rods (LS = 10-20 μm). 
EG (neat) 150 1 h 2.18(a) Irregular plates  
(LS = 2-3 μm). 
 200 1 h 2.18(b) Irregular plates  
(LS = 2-3 μm). 
EG-SDS 
i
 150 1 h 2.18(c) Irregular plates  
(varying sizes). 








 Precursor-solvent-surfactant ratio at 1:50:50. 
i
 Precursor-surfactant ratio at 1:10. 
j
 RC: Radial clusters. 
k
 LS: Longitudinal section length;  
 CD: Cluster diameter (average sphere diameter of the RC). 
 






Figure 2.17. SEM micrographs of Sb2S3 samples obtained from 1 h 
decomposition at 200
o
C with the following hydrophobic solvent / surfactant: 
(a) TOPO-OA; (b) ODE-OLA; (c) neat OLA. 
 
 
Figure 2.18. SEM micrographs of Sb2S3 samples obtained from 1 h 
decomposition with the following hydrophobic solvent / surfactant and 
temperatures: (a) neat EG, 150
o
C;  (b) neat EG, 200
o









2.5.2 UV-vis spectroscopy 
 UV-vis spectra of approximately 1 mM colloidal ethanolic suspensions 
of selected Sb2S3 samples, as shown in Figure 2.19 below. These 
measurements were only at best an estimate as the solids settled within a 
minute due to their large particle size (>1 micron). The band-gap energy (Eg) 
of the samples were estimated to be 4.9 eV, based on the direct band-gap 
energy transition equation (αhν)2 = A(hν – Eg) method,
33
 where α and hν 
correspond to the absorption coefficient and photon energy respectively. It 
should be noted that the Eg value obtained from our samples were very much 
a b 
c d e 
a b c 





shifted from the optimal Eg value of 1.52 eV for photovoltaic applications. In 
contrast, the reported band gap is about 2.2 to 3.8 eV.
34
 While it was observed 
that the spectral patterns vary with different morphologies, the results given 
below are likely to be inaccurate and are only included in the appendix for 
completeness of characterization data. 
 
 
Figure 2.19. UV-vis spectra of selected Sb2S3 prepared from the following 
solvent-surfactant, temperature and duration:  (a) TOPO-DdT, 200
o
C, 1 h; (b) 
TOPO-DdT, 150
o
C, 1 h; (c) TOPO, 150
o
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 Previously in Chapter 2, we discussed how Sb2S3 micro-structures of 
different morphologies can be obtained from the decomposition of 
Sb(SCOPh)3 under different conditions. This single-source precursor is a 
convenient means of fabricating metal sulfides with controlled morphologies, 
as both sulfur and metal are from the same single precursor unit. However the 
main drawback is that an additional step is required to synthesize the precursor, 
prior to any further decomposition reactions. For example, Sb(SCOPh)3 is 
prepared from a 2-step synthesis based on the commercially available starting 
materials.
1
 Alternatively, metal sulfides can also be prepared from dual-source 
precursors, where the metal and sulfur sources are from separate starting 
materials. For this approach, the targeted metal sulfide may be prepared with 
the metal and sulfur source starting materials added together in a one-pot 
reaction, which effectively reduces a step in the material synthesis.  
 
 In this chapter, we demonstrate how various water dispersible metal 
sulfides are obtained from a simple "dual-source precursor" methodology, with 
the use of readily accessible starting materials. The metal sources are primarily 
the common metal salts, e.g. metal chlorides, nitrates, tartrates, citrates, etc, 
while sodium thiosulfate (Na2S2O3 / STS) acts as the primary sulfur source in 
our reactions. The decomposition of thiosulfate (S2O3
2-
) is complex and 
various decomposition mechanisms have been proposed in the literature, 
depending on the reaction conditions. For our discussion, we believe that the 
decomposition of S2O3
2-
 is driven by the disproportionation
2
 reaction to sulfide 
(S
2-
) and sulfate (SO4
2-






(aq)  S (s) + H2SO3 (aq) (1) 
 S2O3
2- 
(aq)  S (s) + SO3
2-
 (aq) (1a) 
 SO3
2- 
(aq)  ¼ S
2-
 (aq) + ¾ SO4
2-
 (aq) (2) 
 S2O3
2- 
(aq)  S (s) + ¼ S
2-
 (aq) + ¾ SO4
2-




 (aq) + 3 S
2- 
(aq)  Bi2S3 (s) (4) 
 
Scheme 3.1. Proposed disproportionation mechanism of S2O3
2-
 to sulfur, 
sulfide and sulfate, followed by reaction with Bi
3+
 to form Bi2S3. 
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 readily decomposes in room 
temperature (25
o
C) to yield elemental sulfur and sulfite (SO3
2-
) as shown in 
equation (1), which can be further simplified to equation (1a). Subsequently, 
the intermediate SO3
2-
 ion undergoes further disproportionation
4





 ions as shown in equation (2). The net disproportionation reaction is 
summarized in equation (3), where S2O3
2-





 anions. Consequently, the metal ions in the reaction 
mixture react with the S
2-
 anions, which forms the corresponding metal sulfide. 
It is interesting to note that while STS has been used widely as precursors in 
the fabrication of metal sulfide thin films,
5-10
 there are not many reports of it 
being used in the chemical synthesis of metal sulfide nano-crystals. 
 
 The fabrication of water dispersible metal sulfides are of research 
interest due to bio-compatibility with potential biological and environmental 







 However since metal sulfides are relatively insoluble, the 
functionalization of the particle surface is crucial to improve their overall 
dispersity in water. This is usually achieved with the use of water compatible 
surfactants or capping agents, with some common examples shown in Figure 
3.1 below. The surfactants can be broadly classified by their polarity as 
anionic, cationic or uncharged. The choice of surfactant can be a complex 
decision as the nature of the surfactant affects the surface interactions between 
the synthesized product material and its solvating medium. Concurrently, these 
surface interactions also affect the reaction kinetics and crystal growth of the 
growing particle, which in turns affects the resulting morphology obtained.
16
 
For our investigations, MSA was the primary surfactant used and we observed 
the trend that the resulting metal sulfides obtained were mainly spherical-
based. In the subsequent sections, we will discuss the control in size and 
resulting shape by means of varying reaction conditions. Finally it is also 
noteworthy to highlight the environmental concerns in material fabrication. 
This series of our reactions were done primarily in water, which is 
environment benign as compared to the use of other organic solvents. 
Moreover, the reaction conditions were relatively mild and simple, with 
reaction temperatures set at room temperatures to reflux temperatures of water.  
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Sodium dodecylsulfonate (SDS) 





Cetrimonium bromide (CTAB) 
 
Figure 3.1. Examples of water compatible surfactants. 
 
3.2 Results and Discussion 
 We obtained various water dispersible metal sulfide nano-crystals from 
the decomposition of the corresponding "metal thiosulfate" precursor prepared 
in situ. In a typical reaction, the "metal thiosulfate" precursor is actually the 
mixture of aqueous STS and the corresponding metal salt. MSA serves dual 
roles; other than being used as the primary sulfur-based water soluble 
surfactant, it also aids in the solubility of some sparingly soluble metal salts, 
e.g. bismuth citrate, by forming soluble complexes. Unless otherwise specified, 
all reactions are done in water. While we have obtained various metal sulfide 
nano-crystals, our discussion here will be primarily targeted on the Bi2S3, 
Sb2S3 and ZnS nano-particles. 
 
3.2.1 Synthesis of Bi2S3 nano-materials (room temperature reactions) 
 Bismuth citrate is only sparingly soluble in water but it forms a soluble 
complex in the presence of thiolates, such as MSA and MPA.
17,18
 The 
formation of the soluble Bi-MSA complex is indicated by the formation of a 
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clear pale yellow solution when MSA is added to a white aqueous suspension 
of bismuth citrate. The presence of MSA surfactant causes the reaction 
mixture to be acidic at pH 2 to 3. This drives the STS decomposition to S
2-
 
even at room temperature, which forms Bi2S3 readily in the presence of Bi
3+
 
ions in the solution. This was observed with the gradual darkening of the 
reaction mixture to orange-brown and finally to an opaque maroon-brown 
colloid, with standing in room temperature over time. Various samples were 
collected over time and we observed that the color and opacity of the colloidal 
suspensions are an indication of particle size and shape. Figure 3.2 below 
illustrates the trend observed with increasing time duration of standing at room 
temperature for the reaction mixture from 1.5 to 24 h, with the MSA:STS:Bi 
molar ratio of 15:3:1. Based on FESEM characterization, mono-dispersed 
nano-spheres with an average diameter of 150 nm were obtained at slightly 
over 1 h of standing in room temperature. When the duration was increased to 
3 h, the spheres grew in size to about 200 nm and the sphere surfaces were 
decorated with smaller particles (Figure 3.2b). Eventually after 24 h, the 
sphere diameter continued to grow till about 300 nm. Additionally, the 
elongation of the smaller particles on the sphere surfaces was also observed, 
where the overall structures are now "spiked-spheres" or "urchins" instead 
(Figure 3.2c). We will discuss the growth mechanism of the spherical 
structures in Section 3.2.2. The samples obtained from room temperature 
decomposition appear to be amorphous as no characteristics peaks were 
observed from PXRD patterns. However we are able to ascertain that the 
products are indeed Bi2S3, based on HRTEM and EDX analysis, as 
summarized in Table 3.1 below. 
 
 
Figure 3.2. FESEM micrographs of Bi2S3 samples obtained from room 
temperature decomposition, with STS:Bi molar ratio 3:1, under different time 
intervals: (a) 90 min (average diameter: 150 nm); (b) 3 h (average diameter: 
200 nm); (c) 24 h (average diameter: 300 nm). The scale bars for all images 
are of similar magnification for comparison. 
a b c 
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Table 3.1. Summary of HRTEM and EDX results of Bi2S3 samples 
obtained from room temperature decomposition, with STS:Bi molar ratio 3:1, 













 Bi - 33.9% 
S - 66.1% 
Bi - 35.4% 
S - 64.6% 
a
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 Based on EDX data, the atomic percentages for Bi and S were found to 
be about 35% and 65% respectively. The slight deviation from the expected 
Bi:S atomic ratio of 40:60 is due to elemental sulfur being the side product 
from S2O3
2-
 disproportion, resulting in a higher sulfur content in our 
experimental values. From the disproprotionation reaction equations (refer to 
Scheme 3.1 above), elemental sulfur is the side product. This was evidenced 
by the formation of yellow solids on the internal walls of the reflux condenser. 
The HRTEM and SAED analysis of the nano-spheres suggest that the samples 
are indeed amorphous, due to the absence of lattice fringe and diffraction 
patterns respectively. However closer observations of the elongated rod-like 
particles on the nano-urchins do express a small degree of crystalline behavior 
that is not detected from X-ray diffraction. The lattice spacing and the SAED 
diffraction patterns can be indexed to the respective reflection planes of 
orthorhombic phase Bi2S3 (JCPDS 00-017-0320). 
 
 High temperature treatment or annealing is commonly used to induce 
amorphous-crystalline transformation of materials. Usually crystalline 
materials are favored over amorphous due to enhancement of properties in the 
former.
19
 Samples of our amorphous Bi2S3 nano-spheres (prepared from 
standing at room temperature 90 mins) annealed under inert argon atmosphere 
at 300
o
C for 12 h do exhibit overall enhanced crystallinity as observed from 
PXRD studies (Figure 3.3), matching with orthorhombic phase Bi2S3. 
Interestingly, while the majority of the nano-spheres remain unchanged 
structurally, we observed the formation of square-shaped nano-plates with an 
average thickness of 40 nm embedded within the nano-spheres. We believe 
that the amorphous nano-spheres undergo sintering and solid-solid phase 
transformation to form the crystalline nano-plates. Reshaping is common in 
annealing process
20





 it is likely that some amorphous nano-spheres reshaped to form 
crystalline nano-plates. 
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Figure 3.3. PXRD pattern comparisons of the pre and post-annealed Bi2S3 
samples. Inserts are the FESEM micrographs of post-annealed Bi2S3 samples. 
 
Effect of STS content 
 As explained earlier in Scheme 3.1, the rate determining step of the 
decomposition of STS to sulfide is the disproportionation of the S2O3
2-
 anion, 
which in turn is directly affected by the S2O3
2-
 anion concentration. This 
consequentially increases the consumption rate of the Bi
3+
 precursor. 
Therefore it is very likely that this chemical kinetics will affect the overall 
morphology of nano-particles obtained. To study the effect of STS content on 
the reactions, we repeated the room temperature reactions at STS:Bi ratios of 
6:1 and 3:2 (or 1.5:1) with samples isolated at time intervals between 1 to 24 h, 
for morphological studies by FESEM. When the STS content was increased to 
a STS:Bi ratio of 6:1, the color intensity of the reaction mixture darkened at a 
faster rate, suggesting a faster rate of S2O3
2-
 disproportionation and 
consequently a faster rate of formation of Bi2S3. The converse is true when the 
STS:Bi is reduced to 3:2. Interestingly the chemical kinetics of the S2O3
2-
 
disproportionation do not have much effect on the overall spherical 
morphology obtained initially, as seen in Figure 3.4 below. However on 
prolonged standing to 24 h, larger nano-urchins were obtained with the STS:Bi 
ratio of 3:2 (Figure 3.4c). In contrast, there was no apparent further growth in 
the nano-spheres diameter from the samples obtained from the ratio of 6:1 
after 24 h (Figure 3.4d). Based on these observations, we postulate that an 
excess in STS amount favors nucleation rate over growth rate. An increase in 
the rate of S2O3
2-
 disproportionation results in a surge in formation of S
2-
 ions. 
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This leads to the rapid consumption of bismuth precursor due to rapid 
formation of Bi2S3 nucleation sites, which retards further growth upon the 
depletion of available bismuth precursor.  
 
 
Figure 3.4. FESEM micrographs of Bi2S3 samples obtained from room 
temperature decomposition, with different STS:Bi molar ratios, under different 
time intervals: (a)/(b) 1 h; (c)/(d) 24 h. The scale bars for all images are of 
similar magnification for comparison. The average diameters are: (a) 150 nm; 
(b) 150 nm; (c) 300 nm; (d) 160 nm. 
 
 In the absence of STS, the entire reaction mixture remained as a clear 
pale yellow solution with no observable solid formed even after 8 days of 
standing in room temperature. This observation supports our hypothesis that 
STS acts as the main sulfur source. 
 
UV-vis spectroscopy 
 While electron microscopy (EM) is a useful means of studying the 
trends in particle growth with respect to time, extensive post reaction work up 
is required to isolate the solid samples from the reaction mixtures. Since we 
observed that the color and opacity of the reaction mixture gradually changes 
with increasing time, liquid UV-vis spectroscopy will be a useful technique to 
monitor the reaction progress and to complement the data obtained from EM 
studies. We observed similar UV-vis spectra of both the diluted reaction 
mixture at a given time and that of the corresponding isolated post-workup 





STS:Bi - 3:2 
STS:Bi - 6:1 
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Figure 3.5. UV-vis spectra of Bi2S3 samples obtained from room 
temperature decomposition, with STS:Bi molar ratio 3:2 under different time 
intervals. The inserts are FESEM micrographs with similar magnification of 
samples obtained from (a) 1 h (average diameter: 150 nm); (b) 3 h (average 
diameter: 200 nm); (c) 22 h (average diameter: 300 nm); (d) 24 h (average 
diameter: 300 nm).  
 
 As shown in Figure 3.5 above, there is a general red shift trend in the 
maximum absorbance peak wavelength (λmax) for Bi2S3 samples obtained at 
longer reaction durations, which in turn also corresponds to larger particle size. 
The smallest nano-spheres (150 nm) isolated from a 1 h reaction has a λmax of 
about 500 nm, while the corresponding λmax measured from larger nano-
spheres (200 nm) isolated from the 3 h reaction is red-shifted to 610 nm. The 
larger spiked-spheres / nano-urchins (300-350 nm) isolated from 22 to 24 h 
reactions are the most red-shifted with λmax values at 660 and 680 nm 
respectively. However the effect of size should not be the cause of the red shift 
as the sphere diameters exceed the Bi2S3 Bohr radius of 30 nm.
22,23
 In contrast, 
the red shift is likely due to the formation of crystalline spikes over time, as 
the crystalline materials will have a smaller band gap as compared to their 
amorphous counterparts. 
 
a b c d 
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Effect of pH 
 While the above room temperature reactions yielded very water 
dispersible Bi2S3 nano-spheres, entirely different phenomena were observed 
from the reactions performed in the presence of strong acids and base. The 
solids isolated are poorly dispersed in water, suggesting large particle size. 
Figure 3.6 below illustrates the various micro-structures obtained reactions 
done in the presence of excess amounts of nitric acid (HNO3), sodium 
hydroxide (NaOH) and aqueous ammonia (NH3). In the presence of strongly 
acidic conditions (pH 1) with HNO3, networks of micro-tubes are obtained 
(Figure 3.6a). Under mildly basic conditions (pH 9) with the addition of 
aqueous NH3, large micro-porous networks are obtained (Figure 3.6b). 
Interestingly, under strongly basic conditions (pH 13) in the presence of NaOH, 
micro-structures made up of agglomeration of plates are obtained (Figure 
3.6c). The pH values indicated above are of the reaction mixtures, upon 
complete mixing of all components. 
 
 Based on the above observations, there is no clear trend observed with 
the effect of pH on the growth mechanism. However, it can be hypothesized 
that the pH affects either the chemical kinetics of the reaction or the surfactant 
activity, which results in a synergistic effect on the particle growth. It is known 
that the disproportionation of the S2O3
2-
 precursor is strongly favored under 
strongly acidic conditions.
3
 MSA has three acidic protons and the degree of 
deprotonation is pH dependant.
24
 It is reported that different rotamers of MSA 
exist to relieve steric and electronic demands,
25
 depending on the degree of 
deprotonation, which may affect its capping activity.  
 
 
Figure 3.6. FESEM micrographs of Bi2S3 samples obtained from room 
temperature decomposition, with STS:Bi molar ratio 3:1, in different pH and 
time intervals: (a) HNO3, 24 h; (b) NH3, 19 days; (c) NaOH, 24 h.  
 
a b c 
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 We observed that bismuth citrate was unable to form soluble 
complexes with SDS, CTAB or thiourea (TU). Therefore MSA is added as a 
co-surfactant to form a homogenous reaction mixture solution. However our 
investigations with these other surfactants combinations did not yield 
interesting results, as the Bi2S3 products formed are largely not mono-
dispersed. Stirring and sonochemical
26,27
 synthesis (sonication with ultrasonic 
vibrations) are common techniques used to increase the homogeneity of 
mixtures. Used in most synthesis methods, even mixing of components in the 
reaction mixtures often promotes the fabrication of mono-dispersed nano-
particles. However we observe an opposite effect in our room temperature 
reactions. Interestingly we obtained less mono-dispersed nano-spheres when 
we subjected the reaction mixtures to either stirring or sonication. We believe 
that the agitation of the reaction mixtures probably disrupts the self-assembly 
growth process of the nano-spheres. More information is available in the 
supplementary information, under Section 3.5.  
 
 From the above discussions, we have presented how water dispersible 
Bi2S3 nano-spheres and nano-urchins can be obtained from simple room 
temperature reactions. However the key challenge lies in the preparation of the 
highly water dispersible small Bi2S3 nano-spheres (150 nm), due to the low 
product yields of about 10%. While prolonged durations of standing 
eventually yields near quantitative yields of nano-urchins, these nano-particles 
are less dispersible as compared to the smaller spheres. The low yield of the 
nano-spheres is due to the premature termination of the reaction, which is 
necessary for the nano-spheres to be isolated at their earlier stages before any 
further growth occurs on the sphere surfaces. 
 
3.2.2 Synthesis of Bi2S3 nano-materials from reflux reactions 
 While room temperature standing of the STS-Bi precursor reaction 
mixture yielded primarily amorphous Bi2S3 nano-particles, refluxing the same 
aqueous precursor mixtures yielded crystalline Bi2S3 instead, in almost 
quantitative yield at shorter reaction durations. Figure 3.7 below shows the 
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PXRD pattern of a typical isolated Bi2S3 sample obtained from reflux 
reactions, matching the orthorhombic phase Bi2S3 (JCPDS No. 00-017-0320).  
 
 The isolated Bi2S3 solid products appear as black powders and were 
water dispersible, forming maroon-brown colloidal suspensions. However the 
overall water dispersity was not as stable as the smaller nano-spheres obtained 
from the room temperature reactions, suggesting larger particle size. 
Observations from FESEM and TEM revealed that the sample is made up of 
mono-dispersed nano-flowers with average diameters of about 350 nm. On 
closer observations with HRTEM the "flower petals" were actually made up of 
rod-like structures, with visible lattice fringe patterns that can be indexed to 
orthorhombic phase Bi2S3. Indexed ring patterns observed from the SAED 
pattern taken over a cluster of nano-flowers demonstrate the poly-crystalline 
nature of the nano-flowers. Figure 3.8 below summarizes the observations 
obtained from EM studies.  
 
 Elemental analysis from EDX (Figure 3.9) is also in agreement with 
the expected values. The experimental bismuth and sulfur atomic percentages 
were found to be 34.5% and 65.5% respectively. Similar to the samples 
obtained from room temperature reactions, the higher sulfur content is due to 
the formation of elemental sulfur side product from the disproportionation of 
S2O3
2-
 (refer to scheme 3.1). 
 
 
Figure 3.7. PXRD pattern of a typical Bi2S3 sample obtained from reflux 
reaction between STS and Bi
3+
, in the presence of MSA in water. 
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Figure 3.8. Various EM characterization Bi2S3 nano-flower sample, 
prepared from 1 h reflux in water: (a) FESEM; (b) TEM; (c) SAED with 
indexed ring patterns; (d) HRTEM with lattice fringe patterns. 
 
 
Figure 3.9. EDX spectrum of a typical Bi2S3 sample obtained from reflux 
reaction between STS and Bi
3+
, in the presence of MSA in water. The C and 
Cu peaks are attributed to the C-coated Cu TEM grids. 
 
Growth mechanism 
 We propose the growth mechanism (adapted from Zhang et al.
28
) of the 
nano-spheres and flowers in Figure 3.10 below. The nano-spheres and nano-
urchins obtained from the room temperature reactions represent various stages 
of self-assembly growth. However the nano-urchins cannot grow further into 
nano-flowers in room temperature, probably due to unfavorable energetic 











Bi - 34.46% 
 S - 65.54% 
Bi2S3 
Chapter 3 Water dispersible metal sulfides from S2O3
2-
 
   
57 
 
from the reflux reactions, we believe that the nano-flowers evolved from nano-
urchins due to their close resemblance in structure.  
 
 
Figure 3.10. Growth mechanism of nano-spheres and nano-flower from 
S2O3
2-
 precursor. The particle surfaces are occupied by MSA surfactant, which 
is omitted in the diagram for clarity. 
 
 Though not illustrated above, we believe that the MSA surfactant is 
critical in directing the growth. MSA forms a soluble complex with Bi
3+
 ions, 
allowing a homogenous interaction with the other precursor material. Other 
than a complexing agent, MSA can also act as a capping agent, since S∙∙∙S  
interactions between surfactant and Bi2S3 surfaces are favorable. This further 
promotes even growth at controlled rate as the smaller nuclei agglomerate to 
form larger spheres. Subsequently when the nano-spheres grow into a critical 
size, the particles are orientated to grow into nano-rods, which eventually 
crystallize into the "petals" of the nano-flowers. This is due to the anisotropic 
behavior of orthorhombic phase Bi2S3.
29,30
 Interestingly, MSA can also act as a 
secondary sulfur source, as we obtained non mono-dispersed Bi2S3 micro-
structures in reflux reactions without STS, the primary sulfur source. More 
description can be found in the appendix Section 3.5. 
 
Effect of concentration 
 We also observed that the overall size of the nano-flowers obtained 
was concentration dependent. To study the effect of concentration on 
morphology, variable amounts of water solvent was used, while keeping the 
MSA directed gradual 
crystallization forms rod 
structures on spheres, resulting 
in nano-urchins. 
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overall reactant molar ratios unchanged. In general, we observe that diluted 
reaction mixtures yielded larger sub-micron flowers, with diameters ranging 
from 630 to 670 nm. Under the same reflux duration, concentrated mixtures 
yielded smaller nano-flowers with diameters from 200 to 230 nm, as 
illustrated in Figure 3.11 below.  
 
 
Figure 3.11. FESEM micrographs of Bi2S3 samples obtained from 1h reflux 
reactions, with STS:Bi molar ratio 3:2, under different concentrations: (a) 2x 
of standard concentration (average diameter: 200-230 nm); (b) ½x of standard 
concentration (average diameter: 650 nm). The scale bars for both images are 
of similar magnification for comparison. 
 
 The disproportionation reaction of S2O3
2-
 is pseudo first-order
2
 with 
respect to the S2O3
2-
 anion as discussed in Scheme 3.1 above. For dilute 
mixtures, the S2O3
2-
 disproportionation rate was lower, as observed by a 
slower darkening of the precursor mixture, resulting in a slower nucleation 
rate. Consequently, the abundance of unreacted precursor in the mixture 
promotes growth of particle size, resulting in larger nano-flowers (Figure 
3.11b). Conversely, concentrated reaction mixtures experience rapid 
nucleation due to the increase in the rate of S2O3
2-
 disproportionation, resulting 
in premature exhaustion of the unreacted precursor. Consequently, the 
depletion of available precursor in the mixture retards further growth in 
particle size. While we are interested to optimize our reactions to obtain even 
smaller nano-flowers, we realized that when the precursor concentration was 
too high, the nano-particles became less mono-dispersed and the trend less 
predictable. This observation seems contradictory as high concentration 
leading to higher nucleation rate should result in higher mono-dispersity. We 
believe that when the precursor concentration exceeds a critical value, the 
effect of the capping agent is reduced and is less effective in directing growth 
in a particular direction.  
b a 
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Figure 3.12. FESEM micrographs of Bi2S3 samples obtained from reflux 
reactions with STS:Bi molar ratio 3:2, in 5 times of standard concentration, at 
time intervals: (a) 15 min (average diameter: 160-180 nm); (b) 30 min 
(average diameter: 200 nm). The scale bars for both images are of similar 
magnification for comparison. 
 
 To the best of our efforts, the precursor concentrations at five times the 
standard produced the smallest but yet still relatively mono-dispersed 
crystalline nano-flowers, at a range of 160 to 180 nm in diameter. At such high 
concentrations, only a very short reflux duration of 15 to 30 minutes is 
required to yield the desired product, as shown in Figure 3.12 above. 
 
Effect of pH 
 Similarly as discussed in the previous section, we again observed that 
different morphology was obtained in the presence of excess strong acid or 
base, as seen below in Figure 3.13. In the presence of excess hydrochloric acid, 
large micro-rods with lengths of 1.5 to 2 μm were obtained (Figure 3.13a). 
Interestingly, on closer observations, the rods actually have hexagonal cross 
sections with approximate thickness of 300 to 400 nm. 
 
 
Figure 3.13. FESEM micrographs of Bi2S3 samples obtained from 1h reflux 
reactions with STS:Bi molar ratio 3:2, in the presence of excess strong acid or 
base: (a) HCl, pH 1 (average length: 1.5-2 μm), the insert is a magnification of 
a micro-rod, showing the hexagonal cross section; (b) NaOH with folic acid 
mixture, pH 6 (average plate thickness: 20 nm); (c) NaOH, pH 11. 
a b c 
a b 
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  While we did not perform further studies on the micro-rods, we 
believe that the growth mechanism is similar to the recent work published by 
Warule et al.,
31
 where "sharp apex Bi2S3 nano-wires" were obtained from 
hydrothermal reactions in the presence of strong acid. In contrast, the presence 
of excess NaOH base yielded agglomerated small nano-particles (Figure 
3.13c). Interestingly, when folic acid was added to the basic reaction mixture, 
nano-plates with 20 nm thickness were obtained (Figure 3.13b). The choice of 
folic acid was an empirical one as it is often used for bio-compatibility 
purposes.
32
 As folic acid is only sparingly soluble in water, NaOH was added 
to convert it to its water soluble conjugate base, folate. We believe that while 
folic acid neutralizes the base, it also acts as a co-surfactant, as reactions in 
similar pH in the absence of folic acid did not yield the nano-plates. 
 
Other observations 
 Figure 3.14 below illustrates some other interesting observations 
obtained. The replacement of MSA with mercaptopropanoic acid (MPA) as 
surfactant at equimolar amounts yields large 1 to 1.5 μm micron-sized flowers 
(Figure 3.14a) under the same reflux reaction conditions. Replacing bismuth 
citrate with bismuth nitrate as the bismuth source have no significant effect on 
the nano-flowers obtained (Figure 3.14b). Reflux reactions in ethylene glycol 
(EG) yields nano-rods (Figure 3.14c) instead of flowers. We believe that the 
higher reflux temperature (EG boiling point 197
o
C) drives the formation of 
nano-rods. However reflux reactions in other higher boiling point glycols 
yielded non mono-dispersed nano-particles. Similarly, non uniformed particles 
are obtained from reactions performed at lower temperatures. Refer to the 
appendix in Section 3.5 for the remaining EM micrographs not shown below 
for brevity. Table 3.2 below is a summary of the various morphologies of 
nano-Bi2S3 samples obtained from the reactions with STS under varying 
reaction conditions. 
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Figure 3.14. FESEM micrographs of Bi2S3 samples obtained from 1h reflux 
reactions with similar Bi:STS ratios at varying conditions: (a) MPA, Bi citrate, 
H2O - the insert shows overall shape of the micro-flower (average diameter: 1-
1.5 μm); (b) MSA, Bi(NO3)3, H2O (average diameter: 350 nm); (c) MSA, Bi 
citrate, EG (average length: 130 nm). The micrographs are of similar 
magnifications for ease in relative size comparison. 
 
Table 3.2. Summary of the Bi2S3 samples obtained from the 






conditions  Fig. no. Morphology 
a
 
Room Temperature reactions 
6:1 1h -- 3.4(b) NS (150 nm). 
 24h -- 3.4(d) NSP (160 nm). 
6:2 (3:1) 90 min -- 3.2(a) NS (150 nm). 
 3h -- 3.2(b) NSP (200 nm). 
 24h -- 3.2(c) NU (300 nm). 
6:4 (3:2) 1h -- 3.4(a) NS (150 nm). 
 24h -- 3.4(c) NU (300 nm). 
6:2 (3:1) 24h HNO3 3.6(a) Network of nano-tubes. 
 19 days NH3 3.6(b) Micro-porous network. 
 24h NaOH 3.6(c) Agglomeration of plates. 
Reflux reactions 
6:4 (3:2) 1h ½x conc. 3.11(b) NF (630-670 nm). 
  1x conc. 3.8(a) NF (350 nm). 
  2x conc. 3.11(a) NF (200-230 nm). 
 15 min 5x conc. 3.12(a) NF (160-180 nm). 
 30 min  3.12(b) NF (200 nm). 
 1h HCl 3.13(a) μ-rods (1.5-2.0 μm). 
  NaOH/FA 
b
 3.13(b) Nano-plates (20 nm thick). 
  NaOH 3.13(c) Agglomerated NP. 
 1h MPA 
c
 3.14(a) μ-flowers (1.0-1.5 μm). 
  Bi(NO3)3 
d
 3.14(b) NF (350 nm). 
  EG 
e
 3.14(c) NR (40 x 130 nm). 
a
 NS:  Nano-spheres;  
 NSP:  Nano-spheres (with nano-particles on surface);   
a b c 
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 NU:  Nano-urchins;  
 NF:  Nano-flowers;  
 NR:  Nano-rods;  
 NP:  Nano-particles. 
 
b
 FA:  Folic acid, as co-surfactant. 
 
c
 MPA:  Mercaptopropanoic acid, in place of MSA as surfactant. 
 
d
 Bi(NO3)3 in place of Bi citrate as metal source. 
 
e
 EG:  Ethylene glycol in place of water as solvent. 
 
 
3.2.3 Bi2S3@Au nano-composites 
 In this sub-section, we will take a temporary detour from our primary 
discussion in the synthesis of metal sulfides. Herein we will briefly discuss the 
fabrication composite materials, where the surface of the Bi2S3 primary 
material is decorated with smaller gold nano-particles. Composite materials 
are of interest as the probable synergistic interaction between their respective 
component materials often result in a different or enhanced property that is not 
observed in their individual entities. The nonlinear optical properties of both 
Bi2S3 and  Bi2S3@Au had been studied and it was observed that the latter was 
observed to exhibit  enhancement in nonlinear absorption. We will discuss the 
nonlinear properties of Bi2S3@Au nano-composites in greater detail in 
Chapter 5.  
 
 In this study on nano-composite material fabrication, three different 
morphologies of Bi2S3 nano-materials are selected, namely nano-spheres, 
nano-flowers and nano-rods. The preparation of the nano-composite can be 
described as a simple post reaction treatment of Bi2S3 material with KAuCl4. 
In presence of oleic acid (OA) and octylamine (OTA), which are surfactant-
reducing agents, KAuCl4 is reduced to elemental gold (Au), forming Au nano-
particles which are readily attached onto the surface of Bi2S3 nano-particles. 
As widely reported in the literature, the amines act as reducing agents while 
the oleic acid surfactant acts as the capping agent which makes it favorable to 
form the Au particles, while larger Au particles were formed in the absence of 
oleic acid. We observed no peaks attributed to cubic phase Au (JCPDS No. 04-
007-8000) from the PXRD characterizations of all the nano-rod and -flower 
composite samples. However a small peak which is indexed to the Au (111) 
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plane was observed for the nano-sphere composite sample, as seen in Figure 
3.15 below. For the nano-sphere sample, there were no peaks attributable to 
orthorhombic phase Bi2S3 due to the amorphous nature of the sample as 
discussed earlier. The absence of the Au PXRD peaks for the nano-rods and 
flowers is probably due to the low Au content. Based on EDX results, the 
molar equivalents of Au as compared to Bi2S3 are about 10% and 30% for the 
nano-flower and -rod composites respectively. In contrast, the nano-sphere 
composites consist of up to 70% molar equivalents of Au.  
 
 For TEM bright field imaging, the contrast is formed as a result of the 
occlusion ("blocking") and absorbance of electrons. Thicker layers or denser 
atoms (or higher atomic number) will therefore appear in a darker contrast. 
This is evident as Au (19.3 g/cm
3





) atoms. Therefore from the TEM micrographs, the Au nano-
particles can easily be differentiated from the Bi2S3 surfaces due to the darker 
contrast of the former. The lattice fringes on the nano-particles are indexed to 
the matching reflection planes of cubic phase Au. Similarly the lattice fringes 
on the surfaces of the nano-rod and -flower composites are indexed to Bi2S3. 
No lattice patterns attributable to Bi2S3 are observed for the amorphous nano-
spheres. This is in agreement with the SAED patterns obtained, where the 
diffraction patterns are indexed to cubic phase Au but not orthorhombic phase 
Bi2S3 for the nano-spheres. Interestingly, the SAED patterns of the nano-rod 
and -flower samples can be indexed to Bi2S3 but not Au. We believe that the 
high degree of crystallinity of Bi2S3 for both the nano-rod and -flower 
composites masked the diffraction patterns contributed from the Au nano-
particles. 
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Figure 3.15. PXRD patterns of nano-composites of different morphologies. 
Inserts are the respective representative TEM micrographs. The insert for (b) 
is a magnification of the edge of the "flower-petal" with Au nano-particles 




Figure 3.16. Typical EDX spectrum of a Bi2S3@Au nano-composite sample. 
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 Table 3.3. Summary of HRTEM, SAED and EDX results of Bi2S3@Au 
nano-composites. The respective lattice indexes for Bi2S3 and Au are in white 

























 Bi 34.01 (2.00) 
a
 Bi 34.78 (2.00) Bi 27.88 (2.00) 
S 56.20  (3.30) S 60.90  (3.50) S 50.85  (3.65) 
Au 9.79  (0.58) Au 4.32  (0.25) Au 21.29 (1.53) 
a
 The values in the parenthesis are relative ratio values with respect to Bi, 
which is fixed at a value of 2. The higher than expected ratio value of 3.0 for S 





 It was observed that small Au nano-particles of about 5 nm were 
attached onto the surfaces of all three samples. Additionally, larger Au nano-
particles of about 50 nm were also attached onto the nano-sphere surfaces. We 
believe that the presence of the larger Au nano-particles on the nano-spheres 
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morphologies. Conversely, no large nano-particles are seen attached onto the 
surfaces of the nano-rod and -flower composite samples. It is of worthy 
mention that the preparation of the nano-composite materials were performed 
under similar reaction conditions (temperature, duration, concentration, 
surfactant ratios etc.), in particular equimolar of KAuCl4 precursor was added 
to all three Bi2S3 samples. The formation of the composites can be explained 
by the following two mechanisms: Au can either nucleate and grow on the 
Bi2S3 surface directly or form particles separately in solution first, followed by 
attachment to the Bi2S3 surface. While we did not perform extensive studies on 
the interaction between the Au and Bi2S3 components, it is possible that both 
mechanisms could operate simultaneously. Based on our empirical 
observations, no loose Au particles were present at low equivalents of the Au 
precursor (0.25x). However prolonged warming or elevated temperatures 
results in the formation of loose Au particles, which supports the "attachment 
mechanism". In contrast the "surface nucleation and growth mechanism" is 
backed by the chemical nature of Au and sulfur. Au being a "soft" metal will 
form favorable interactions with the "soft" sulfur atoms of Bi2S3. While there 
is a possibility that the larger 50 nm Au particles are actually formed for all 
samples, these particles were not observed from the nano-rod / -flower 
samples as they might have been removed during the workup process, 
assuming that they were not attached onto the crystalline Bi2S3 rod / flower. 
However no solids were isolated from the high speed centrifugation of the 
supernatant washings, suggesting that any loose particles left in the growth 
solution, were probably in very small amounts.  
 
  Isotropic spherical surfaces are expected to have lower surface energy 
as compared to anisotropic rod surfaces.
33
 However this simplified comparison 
is not appropriate due the differences in the crystallinity between the 
amorphous spheres and crystalline rods (making up the petals of the flowers). 
The lower amount of Au deposited onto the nano-flowers as compared to the 
nano-rods is due to the effective lower exposed surface of the former. Since 
the loose rods and agglomerated rods making up the flower petals are of 
similar dimensions (~150-200 nm), the nano-flowers effectively have less 
available sites for the Au nano-particles to be attached onto, as only the edges 
Chapter 3 Water dispersible metal sulfides from S2O3
2-
 
   
67 
 
of the flower "petals" are exposed and accessible for the attachment of the Au 
nano-particles, while the internal "cores" remain embedded and inaccessible. 
Interestingly, there was no significance difference in the overall amount of Au 
deposited onto the nano-flowers when the KAuCl4 precursor was reduced 
from 100% molar equivalents of Bi2S3 to 25%. Subsequent reactions were 
performed with 25% molar equivalents of KAuCl4, due to the cost of the 
precursor. 
 
3.2.4 Synthesis of Sb2S3 nano and sub-micron materials from reflux 
reactions 
 In the presence of water soluble potassium antimony tartrate as the 
metal source, water dispersible Sb2S3 nano and sub-micron spheres were 
obtained, using the similar methodology discussed above. Reflux reactions in 
water in the presence of MSA surfactant and STS yield Sb2S3 sub-micron 
spheres. Based on EM studies, we observed that the sample is made up of a 
mixture of two size distributions of spheres, as seen in Figure 3.17(a) and (b) 
below, which can be separated by size selection via centrifugation. We notice 
that the sample color is an indication of particle size, with smaller particles 
appearing as bright orange solids and larger particles as dark red solids. The 
smaller orange particles are also better dispersed in water as compared to the 
larger red particles.  
 
 
Figure 3.17. FESEM micrographs of Sb2S3 sub-micron spheres obtained 
from 1 h reflux reactions in water in the presence of MSA. (a)/(b) A mixture of 
small and large spheres are initially obtained, while size separation of the 
sample results in the isolation of (c)/(d) small (~150 nm) and (e)/(f) large 
b d f 
a c e 
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spheres (~600 nm). The micrographs of the top and bottom rows are of similar 
low and high magnifications respectively. 
 As seen in Figures 3.17(c) and (d) above, the smaller spheres have a 
size distribution of 110 to 160 nm. The larger spheres as shown in Figures 
3.17(e) and (f) are about 600 to 700 nm in diameter. However the smaller 
spheres are the minor product which accounts for less than 5% of the total 
yield.  
 
 All Sb2S3 samples obtained appear to be relatively X-ray amorphous, 
as PXRD patterns with very wide humps are generally obtained, as shown in 
Figure 3.18 below. This is in agreement with the physical observations, as 
amorphous Sb2S3 are known to appear as orange to red solids, while the 
common crystalline orthorhombic phase Sb2S3 commonly exists as dark grey 
solids.
34
 Prolonged reflux reactions in water failed to yield grey crystalline 
Sb2S3 products. Under prolonged reflux reactions in water of up to 12 h, we 
observe that the larger spheres do not grow any much larger, while there is a 
decrease in the proportion of the smaller spheres. Attempts to obtain 
crystalline Sb2S3 by refluxing the reaction mixtures in water were unsuccessful, 
probably due to the fact that the reflux temperature (~100
o
C) is lower than the 




 As discussed earlier 
in Chapter 2, the decomposition reaction of Sb(SCOPh)3 single-source 
precursor discussed in Chapter 2 generally yields crystalline Sb2S3 in reflux 
reactions with ethylene glycol (boiling point 197
o
C). However we were unable 
to obtain crystalline Sb2S3 with reflux reactions in ethylene glycol using this 
dual-source precursor route. Instead we obtained non-uniform deformed 
spherical structures of amorphous Sb2S3. While the reflux temperature of 
ethylene glycol is above the phase temperature of Sb2S3, effects of surfactants 
on the phase transition
36,37
 cannot be ruled out. Interestingly, upon further 
investigations with TEM in SAED mode, we observe faint diffraction patterns 
that can be indexed to orthorhombic phase Sb2S3 (PDF No. 00-042-1393). We 
believe that while the bulk of the sphere is amorphous, there exist pockets or 
regions within the structure that are partially crystalline.
38
 However we are 
unable to locate these regions from HRTEM studies. 
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 Experimental atomic percentages from EDX (Figure 3.19) for Sb and S 
are found to be 46% and 54% respectively, which deviate from the expected 
Sb:S atomic percentage ratio of 40:60 (or simply 2:3). This is an opposite 
trend as compared to the Bi2S3 samples, with higher S-content as compared to 
Bi. Non-stoichiometric metal chalcogenides reported in the literature attributes 
the  metal excess to the surface passivating ability of the surfactant.
39,40
 This 
phenomenon is explained by the coordination of the Sb
3+
 ions directly to the 
surfactant at the surface of the sphere, giving rise to an overall "metal 
enriched" product. This surface passivation by the layer of surfactants 
stabilizes the "dangling bonds" at the surface atoms of the particle.  
 
 
Figure 3.18. PXRD pattern of a typical "amorphous" Sb2S3 sample. Insert is 
the corresponding SAED pattern with indexed planes matching orthorhombic 








Sb - 45.78% 




Chapter 3 Water dispersible metal sulfides from S2O3
2-
 
   
70 
 
Effect of solvent / temperature 
 As the reflux reactions in water yielded large sub-micron spheres as the 
major product, the subsequent course of action is to optimize the reaction 
conditions to favor the formation of the smaller spheres. Higher temperatures 
are not suitable as we observed earlier that reflux reactions in ethylene glycol 
yield large non-uniformed quasi-spherical structures. Henceforth for this 
system, we believe that lowering the reaction temperatures may favor the 
formation of smaller spheres, as a lower temperature slows down the STS 
disproportionation rate, which consequently leads to a slower particle growth 
rate. To attain an overall better control and consistent reaction temperature, 
performing reflux reactions in a lower boiling point solvent will be a logical 
choice. However, since the starting materials are found to be insoluble in 
organic water miscible polar solvents, the reflux reactions were performed in 
solvent pairs with water instead, where the reaction temperature was kept 
constant at the boiling point of organic solvent during reflux. Table 3.4 below 
summarizes the properties some of the solvents used in our studies. However 
only selected systems are included in our detailed discussion below for brevity, 
with the details of the remaining reactions presented in Section 3.5. 
 
 Interestingly we observed that the overall size of the spheres was 
affected by a combination of both solvent and temperature. For instance, the 
boiling points of MeOH and THF are almost similar but smaller particles were 
obtained from reflux reactions in THF as compared to MeOH, as shown in 
Figures 3.20(a) and (b) below. The solvent nature and polarity are known to 
affect the molecular interactions between the reactants, surfactant and product, 
which consequently affects the overall growth of nano-particles.
41,42
  
Differences in nucleation rates is the primary driving force for eventual 
different particle size. It is probable that the higher solubility of the materials 
in the THF solvent results in a more rapid nucleation rate, where smaller 
particles were obtained, with narrower size range. In contrast, the surfactant is 
probably less soluble in MeOH, resulting in a poorer capping ability and 
slower nucleation rate, which consequently larger spheres of varying sizes 
were obtained. 
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Table 3.4. Boiling points (BP) and dielectric constants (ε) of some water 
miscible polar solvents. (Values are taken from www.sigmaaldrich.com) 









Methanol (MeOH) 65 33 Tetrahydrofuran (THF) 66 7.5 
Ethanol (EtOH) 79 25 Acetone (Me2CO) 56 21 
1-Propanol (PrOH) 97 20 Acetonitrile (MeCN) 82 38 
 
 
Figure 3.20. FESEM micrographs of Sb2S3 spheres obtained from 2 h reflux 
reactions in the presence of MSA, under the following solvent systems 
(estimated reflux temperature given in the parenthesis above): (a) MeOH-H2O 
(particle size ranging from 50-250 nm); (b) THF-H2O (particle size ranging 
from 30-50 nm). The micrographs are of similar magnifications. The insert of 
(b) is a higher magnification of the sample. 
 
 Similarly at a lower reaction temperature of 50
o
C, larger spheres were 
obtained in water (Figure 3.21a) as compared to the less polar THF-water 
solvent pair system (Figure 3.21b). For the THF-water system, it is interesting 
to note that reflux reaction yielded smaller particles as compared to the same 
reaction at 50
o
C. The higher temperature probably increases the nucleation 
rate, driven by higher disproportionation rate of the STS precursor. The reflux 
reaction in acetone-water (~56
o
C) however yielded non-uniform particles. We 
noticed that solvent nature and polarity do not have much significant effect at 
higher temperatures (>80
o
C) on the overall size of the spheres obtained. 
Similar sized spheres were obtained from reflux reactions with MeCN-water 
and EtOH-water solvent pair systems. Similar observations were also made 
with PrOH-water and water solvent systems. It is likely that at higher 
temperatures, the higher rate of STS disproportionation is able to offset any 
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Figure 3.21. FESEM micrographs of Sb2S3 sub-micron spheres obtained 
from 2 h reactions in the presence of MSA at 50
o
C, under the following 
solvent systems (estimated reflux temperature given in the parenthesis above): 
(a) H2O (average particle size: 200, 600 nm); (b) THF-H2O (average particle 
size: 150, 250 nm). The micrographs are of similar magnifications. 
 
MSA vs NaMPS 
 While MSA has been used as the primary surfactant, reactions with 
sodium 3-mercapto-1-propanesulfonate (NaMPS), an anionic surfactant with a 
free thiol group, also successfully yielded Sb2S3 sub-micron and nano-spheres. 
As compared to MSA, a greater proportion of smaller spheres were obtained 
from reactions in the presence of the NaMPS surfactant (Figure 3.22a). Even 
smaller mono-dispersed nano-spheres (70 to 100 nm) were obtained from 
reflux reactions with the THF-water solvent pair systems (Figure 3.22b). 
Further prolonged reflux to 12 h resulted in slight growth of the spheres (120 




Figure 3.22. FESEM micrographs of Sb2S3 nano-spheres obtained from  
reflux reactions in the presence of NaMPS, under the various conditions:  
(a) H2O, 2 h (average particle size: 200, 400 nm); (b) THF-H2O, 2 h (average 
particle size: 70-100 nm); (c) THF-H2O, 12 h (average particle size: 120-150 
nm). The micrographs are of similar magnifications. 
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 In general, we observed that this STS disproportionation driven dual-
source precursor route, yields Sb2S3 spheres. This is in contrast with the Bi2S3 
material obtained previously where primarily flowers are obtained from reflux 
reactions. The difference in particle size observed is probably due to the 
different capping abilities of the surfactant. NaMPS being an anionic 
surfactant is likely to have a stronger capping ability as compared to MSA, 
which is a neutral surfactant. Table 3.5 below summarizes the results obtained 
from the synthesis of  sub-micron and nano-Sb2S3 samples.  
 
Table 3.5. Summary of the Sb2S3 samples obtained from the 








 Fig. no. Morphology 
a
 
Reactions with MSA 
6:4 (3:2) 1h H2O 3.17(a) 
3.17(b) 
SM (150 nm; 600 nm*). 
  (Top fraction) 3.17(c) 
3.17(d) 
SS (110-160 nm). 




SL (600-700 nm). 
 2h MeOH-H2O 3.20(a) SM (150 nm; 250 nm). 
  EtOH-H2O 3.34(a) SM (200 nm; 400 nm*). 
  PrOH-H2O 3.34(b) SM (150 nm; 400 nm*). 
  Me2CO-H2O 3.34(c) Non-uniformed particles. 
  MeCN-H2O 3.34(d) SM (200 nm*; 400 nm). 
  THF-H2O 3.20(b) Quasi spheres (30-50 nm). 
 (50
o
C) THF-H2O  3.21(b) SM (150 nm*; 250 nm). 
 (50
o
C) H2O 3.21(a) SM (200 nm; 600 nm*). 
Reactions with NaMPS 
6:4 (3:2) 2h H2O 3.22(a) SM (200 nm*; 400 nm). 
  THF-H2O 3.22(b) SS (70-100 nm). 
 12h THF-H2O 3.22(c) SS (120-150 nm). 
a
 SS:  Spheres, small (100-200 nm);  
 SL:  Spheres, large (500-700 nm);  
 SM: Spheres, mixture of large and small spheres (with average size range 
  listed). * denotes any major product in mixture. 
 
b
 Otherwise stated, all reactions are performed under reflux conditions. 
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3.2.5 Synthesis of other binary metal sulfides 
 As demonstrated in the previous sections, both Bi2S3 and Sb2S3 sub-
micron and nano-materials can be readily prepared from the dual-source 
precursor methodology with STS and the corresponding Bi(III) and Sb(III) 
salts. To demonstrate the versatility of this method in the preparation water 
dispersible metal sulfides, we will present the results obtained from the 
preparation of other binary metal sulfides. More emphasis will be placed on 
ZnS and In2S3 as the application studies of these materials will be further 
discussed in later chapters. 
 
ZnS 
 Samples of zinc blende (cubic phase) ZnS sub-micron and nano-
spheres are obtained from the reactions of the precursor solutions consisting of 
zinc(II) chloride, STS and surfactant, as ascertained from PXRD 
characterization (Figure 3.23). The strong intensity peaks of the ZnS sample 
obtained from the hydrothermal (HT) reaction suggest a highly crystalline 
nature as compared to the other samples obtained from reflux reactions. The 
respective morphologies of the zinc blende ZnS samples obtained are shown 
in Figure 3.24 below. 
 
Figure 3.23. PXRD patterns of ZnS sub-micron and nano-spheres obtained 
with the respective surfactant systems labeled above. Except (a), all samples 
are obtained from 1 h reflux reactions in H2O. Hydrothermal reactions for (a) 
were performed between 120-150
o
C. 
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Figure 3.24. FESEM micrographs of ZnS nano-spheres obtained under the 
various conditions: (a) MSA (HT), 12 h (average particle size: 30-40 nm); (b) 
MSA (average particle size: 400 nm); (c) NaMPS-glu (average particle size: 
50 nm); (d) NaMPS-AA (average particle size: 120 nm). The micrographs are 
of similar magnifications, with the higher magnifications as inserts. Except (a), 
all samples are obtained from 1 h reflux reactions in H2O. 
 
 While no other morphology was obtained other than spheres, we 
managed to optimize the reaction conditions to yield mono-dispersed nano- 
and sub-micron spheres of varying sizes. The largest sub-micron spheres of 
about 400 nm was obtained from reflux reactions with MSA (Figure 3.24b). It 
has been discussed earlier in the synthesis of Sb2S3, reactions with  NaMPS 
replacing MSA as the primary surfactant generally yielded smaller nano-
spheres. This trend is observed again as smaller ZnS nano-spheres were 
obtained from reactions with NaMPS as surfactant, in the presence of either α-
D-glucose (glu) or L(+)-ascorbic acid (AA) acting as additional reducing 
agents. The reducing agents are necessary as interestingly in the absence of the 
reducing agent, no product is obtained from reflux reactions with NaMPS. 
Both glu and AA are selected due to their non-toxicity. Furthermore both are 
weak reducing agents, which enables the slow controlled release of S
2-
 from 
the disproportionation of S2O3
2-
. Comparing both reactions with NaMPS, 
smaller nano-spheres which average diameters of 50 nm were obtained in the 
presence of glu (Figure 3.24c) as compared to the larger spheres (~120 nm) 
obtained in the presence of AA (Figure 3.24d). We believe that while assuming 
both glu and AA to be of similar reducing power, the higher acidity of AA 
a b 
c d 
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probably further favors a faster disproportionation of S2O3
2-
, thereby 
increasing overall growth rate of the nano-spheres. 
  
 Interestingly, the HT reaction yielded the smallest ZnS nano-spheres at 
about 30-40 nm diameter range (Figure 3.24a). In contrast, the reflux reaction 
of the same composition of precursor with MSA surfactant yielded largest sub-
micron spheres with average diameter of 400 nm (Figure 3.24b). HT 
conditions generally favor the formation of highly crystalline products,
43-46
 
usually with interesting morphologies, driven by high pressures within the 
sealed vessel. This is evident from the PXRD patterns (Figure 3.23) whereby 
the peak intensities of the ZnS sample prepared by HT means were very much 
higher as compared to the other samples that were prepared by reflux reactions 
performed under atmospheric pressure. However one drawback for HT 
reactions is its unpredictability, as the experimental results varies with 
different systems. For instance, while we successfully obtained small ZnS 
nano-spheres here, similar HT reaction conditions failed to yield any mono-
dispersed small Bi2S3 nano-particles. 
 
 As summarized in Table 3.6 below, HRTEM studies suggest that both 
nano-sphere samples obtained from the reflux reactions were actually made up 
of an agglomeration of smaller spheres. The poly-crystalline nature of the 
samples were backed by ring patterns observed from SAED studies that can be 
indexed to zinc blende, ZnS. Elemental analysis from EDX yielded consistent 
Zn:S values of about 2:1, which deviates greatly from the expected 1:1 ratio 
for ZnS. We believe that the Zn excess is also due to the "surface passivating 
effect" of the surfactants,
39,40
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Table 3.6. Summary of HRTEM, SAED and EDX results of ZnS nano-
spheres obtained from various surfactant combinations. The respective lattice 
indexes for ZnS are in white text. 
 (a) 































Zn 65.84 (1.93) 
b
 Zn 68.25 (2.15) Zn 69.57 (2.29) 
S 34.16  (1.00) S 31.75  (1.00) S 30.43  (1.00) 
a
 The values in the parenthesis are relative Zn:S ratio values with respect to S, 
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 The use of indium(III) chloride as the metal source for the dual-source 
precursor yielded yellow powder samples of tetragonal phase In2S3 (JCPDS 
No. 01-074-7284) samples. Similarly, the samples obtained from HT reactions 
were more crystalline as compared to the samples obtained from reflux 
reactions. Interestingly, the reactions in the presence of MSA surfactant yield 
sub-micron spheres (~400 nm) which were made up of agglomeration of nano-
plates. However in the presence of NaMPS as surfactant, small nano-spheres 
of about 20 nm were obtained. Unlike the ZnS system, the presence of glucose 
and ascorbic acid did not have any significant effect on the morphology of the 
samples obtained. While extensive studies on the growth mechanism of the 
In2S3 nanostructures were not performed, the growth mechanism of similar 





Figure 3.25. PXRD patterns and the representative FESEM micrographs of 
In2S3 samples prepared in the presence of the surfactants: (a) MSA (HT), 24 h 
(average particle size: 400 nm); (b) MSA (average particle size: 400 nm); (c) 
NaMPS (average particle size: 20 nm). All micrographs are of similar 
magnifications with insert is the higher magnification of sample (c). Except (a), 
all samples are obtained from 1 h reflux reactions in H2O. Hydrothermal 
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 The growth mechanism can be briefly summarized as an aggregation 
of plates that assemble on spherical nuclei. Similar to the preparation of Sb2S3 
and ZnS, the use of NaMPS in place of MSA surfactant generally resulted in 
smaller In2S3 particle size. The probable explanation for this observation has 
been discussed earlier (see page 72). 
 
Ag2S, CdS, PbS and HgS 
 Other water dispersible metal sulfides were successfully obtained from 
the dual-source precursors in the presence of MSA include Ag2S, PbS, CdS 
and HgS. The metal sources are silver nitrate, lead(II) nitrate, cadmium 
chloride, and mercuric chloride. Figures 3.26 and 3.27 below summarizes the 
PXRD and FESEM characterization results obtained. Interestingly we 
observed that in the presence of MSA, cubic phase HgS was formed as the 
major product while hexagonal phase HgS was obtained in the presence of 
NaMPS. Table 3.7 below summarizes the various morphologies making up of 
the above mentioned binary metal sulfide samples. 
 
Table 3.7. Summary of the morphologies of binary metal sulfides obtained. 
All reactions are 1 h-reflux reactions in water. 
Metal 
source 





AgNO3 MSA Ag2S (Monoclinic) NP (50-80 nm). 
Pb(NO3)2 MSA PbS (Cubic) NP (30-40 nm). 
CdCl2 MSA CdS (Hexagonal) NS (100-150 nm). 
HgCl2 MSA HgS (Cubic) NP (100-300 nm);  
μR (0.2 x 1.0 μm ). 
 NaMPS HgS (Hexagonal) NS (200-500 nm). 
a
 The average dimensions are given in the parenthesis.  
 
b
 NP: Nano-particles; NS: Nano-spheres; μR: Micro-rods. 
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Figure 3.26. PXRD patterns and the representative FESEM micrographs of 
various metal sulfides prepared in the presence of MSA surfactant: (a) Ag2S 
(average particle size: 50-80 nm); (b) PbS (average particle size: 30-40 nm); (c) 
CdS (average particle size: 100-150 nm). All micrographs are of similar 
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Figure 3.27. PXRD patterns and the representative FESEM micrographs of 
HgS prepared in the presence of the surfactants: (a) MSA; (b) NaMPS. All 
micrographs are of similar magnifications. *The additional peak is probably 
due to the presence of small amounts of hexagonal phase HgS. 
 
3.2.6 Synthesis of some ternary metal sulfides 
 The "dual-source" precursor methodology can also be extended to 
prepare ternary or mixed metal sulfides by the adding more than one metal 
source when preparing the precursor mixture. We successfully prepared some 
"ternary" metal sulfides, consisting of two metals.  
 
Cd(1-x)Zn(x)S 
 Figure 3.28 below presents the results obtained from reflux reactions 
the precursor mixture consisting of CdCl2 and ZnCl2 in 1:1 molar ratio, which 
yield nano-spheres of the diameter range of 150 to 200 nm. Interestingly, 
while the morphology obtained is incidentally similar to the binary ZnS and 
CdS samples discussed earlier, the PXRD pattern of this "CdZnS2" sample is 
also similar to the PXRD patterns of hexagonal phase (wurtzite) ZnS and CdS, 
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Figure 3.28. PXRD pattern and the representative FESEM micrograph of 
"CdZnS2" nano-spheres prepared from reflux reactions in water, in the 
presence of MSA surfactant. 
 
Figure 3.29. Comparison of PXRD patterns of hexagonal phase CdZnS2, 
CdS and ZnS. 
 
 The general trend observed is that the peaks of CdZnS2 are generally in 
between ZnS and CdS, which is best exemplified by the peak indexed to the 
(102) plane. This similarity in peak patterns is due to the isomorphism 
exhibited between ZnS and CdS. A comparison of the crystallographic unit 
cell data of four examples of hexagonal phase 
Cd(1-x)Zn(x)S (0 ≤ x ≤ 1) is summarized in Table 3.8 below. All four examples 
have the identical P63mc space group and are expected to have similar 
packing due to the similarities of their respective cell parameters. The cell 
parameter values generally increases with increasing Cd content, due to the 
presence of the larger Cd atom. This in turn will be observed on the PXRD 
patterns where increasing Cd content will result in the peaks shifting away 
from ZnS and towards CdS character. Due to this isomorphism exhibited 
between hexagonal phase ZnS and CdS, the ternary CdZnS2 actually exists as 
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 This gives the entire system the added versatility of fine-
tuning various properties by means of  varying the Cd:Zn ratio of the solid 
solutions.
49,51
 While Vegard's Law will be useful in determining the 
experimental metal ratios, the drawback is that good PXRD data (e.g. sharp 
peaks, high signal to noise ratio) is required for an accurate result. As peak 
broadening is expected in most of our PXRD data, the accuracy of such 
calculation will consequently be hindered. 
 
Table 3.8. Summary of unit cell parameters of hexagonal phase  
Cd(1-x)Zn(x)S, where 0 ≤ x ≤ 1. 
Compound PDF No. a /Å c /Å Volume /Å
3
 
ZnS 00-036-1450 3.821 6.257 79.12 
Cd0.5Zn0.5S 01-078-9535 3.990 6.520 89.89 
Cd0.8Zn0.2S 00-049-1302 4.138 6.716 99.56 




 Similar to the Cd(1-x)Zn(x)S system, orthorhombic phase Sb2S3 and 
Bi2S3 are also isomorphous to each other and therefore the orthorhombic  
Sb(2-x)Bi(x)S3 system also exist as a solid solution of the two components.  
 
 
Figure 3.30. PXRD pattern and the representative FESEM micrograph of 
"SbBiS3" nano-urchins prepared from reflux reactions in water, in the presence 
of MSA surfactant. (Average urchin diameter: 400 nm) 
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 While the dual-source precursor methodology yields mono-dispersed 
crystalline Bi2S3 nano-flowers and amorphous Sb2S3 nano-spheres, mono-
dispersed hybrid crystalline "SbBiS3" nano-urchins in the presence of the 
Sb:Bi precursor ratio at 1:1, as shown in Figure 3.30 above. For this Sb-Bi 
system, we observe a morphological change with varying Sb:Bi ratios. We will 
discuss these observations in further detail in Chapter 4. 
 
 
ZnIn2S4, AgInS2 and CuInS2 
 Indium based sulfide materials (binary and ternary) are of interest as 
they are widely reported to exhibit photo-catalytic activity,
54-59
 such as 
hydrogen production
55-57
 or photo-degradation of dyes.
54,58,59
 We will discuss 
our results from the photo-catalytic studies in further detail in Chapter 7. 
Figure 3.31 below summarizes the results obtained from the synthesis of 
ZnIn2S4, AgInS2 and CuInS2. The ZnIn2S4 product is made up of folded sheets 
with about 20 nm thickness. This bears resemblance to the In2S3 hierarchical 
nano-spheres made up of plates of similar thickness. In contrast, both AgInS2 
and CuInS2 samples obtained are made up of small spherical nano-particles of 
similar morphologies, with average diameters of about 20 to 30 nm. While 
both reactions were performed in the presence of MSA surfactant, similar 
nano-particles were also obtained when the surfactant was replaced with 
NaMPS instead. 
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Figure 3.31. PXRD patterns and the representative FESEM micrographs of 
various ternary metal sulfides prepared in the presence of MSA surfactant: (a) 
ZnIn2S4 (average plate thickness: 20 nm); (b) AgInS2 (average particle size: 
20-30 nm); (c) CuInS2 (average particle size: 20-30 nm). The inserts are the 
micrographs of higher magnifications. 
 
 Table 3.9 below summarizes the various morphologies making up of 
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Table 3.9. Summary of the morphologies of binary metal sulfides obtained. 



















NU (400 nm). 
In2S3 
ZnCl2 
MSA ZnIn2S4  
(Cubic) 
Folded nano-sheets  










NP (20-30 nm). 
a
 K-Sb-Tar: potassium antimony tartrate; Bi Cit: bismuth citrate.  
 
b
 The average dimensions are given in the parenthesis.  
 
c




 We demonstrated that various water dispersible metal sulfides can be 
prepared by the "dual-source" precursor methodology, driven by the 
disproportionation reaction of STS, which acts as the primary sulfide source. 
The main advantage of this methodology is its simplicity and flexibility. The 
precursor mixture can be prepared from commercially available starting 
materials and the "one-pot" reactions can be conveniently performed under 
room temperature, reflux or hydrothermal conditions. This versatility of this 
method is also demonstrated with the synthesis of the targeted binary and 
ternary metal sulfides from the corresponding metal salts. Another advantage 
of this work is that water was used primarily as the main solvent, thereby 
promoting the ideals of "green chemistry". Post reaction modifications were 
also performed, where Au nano-particles are attached onto surfaces of Bi2S3 
nano-structures, forming Bi2S3@Au nano-composites. 
 
 The variation of experimental conditions often yields different results 
in the product obtained. While we observed empirical trends in the growth of 
some nano-structures, it is still difficult to predict a general model to fit all 
systems. This is probably due to the differences in adhesion energy
60
 between 
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the surfactant and nano-crystal surface that is unique to each metal system. For 
instance, difference in overall particle size was observed when the MSA 
surfactant was replaced by NaMPS in the synthesis of Sb2S3, ZnS and In2S3 
but not for the other systems. While extensive efforts have been made in 
optimizing reaction conditions for Bi2S3 and Sb2S3 systems, further work can 
be performed to optimize the other systems for both binary and ternary metal 
sulfides. Other than STS being the main sulfur source, this work can also be 
further extended to other suitable water soluble sulfur source candidates. For 
instance, water dispersible Bi2S3 nano-structures of different morphologies 
have also been obtained from reflux reactions with sodium sulphite and 
sodium sulphate as the sulfur source, as shown in Figure 3.32 below. It is 
interesting to note that the structures obtained are significantly different from 
those obtained from the disproportionation reactions of STS and can possibly 
be extended to other metal systems. 
 
 
Figure 3.32. FESEM micrographs of Bi2S3 nano-structures obtained from 
reflux reactions in the presence of MSA, under different sulfur sources:  
(a) Na2SO3; (b) Na2SO4. The micrographs are of similar magnifications. 
 
 Some of the prepared metal sulfide samples with interesting physical 
properties will be used for further studies, such as non-linear optics (Chapter 
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 All reagents used were of commercially available analytical grade or 
higher (unless otherwise stated) and used without any further purification. 
Standard techniques were employed for the preparation of samples for 
characterization (PXRD, FESEM, HRTEM and EDX), which will be 
elaborated in detail in the Chapter 9. 
 
3.4.1 Synthesis of water dispersible metal sulfides 
 The synthesis was generally made up of three main steps, namely the 
preparation of the precursor mixture, followed by the execution of the reaction 
(room temperature standing, reflux or hydrothermal), and finally the work-up 
to isolate the product(s).  
 
 For a standard reaction (exemplified with the synthesis of Bi2S3), a 
mixture of bismuth citrate (39.8 mg, 0.100 mmol), MSA  (45.0 mg, 0.300 
mmol) and Na2S2O3.5H2O (37.2 mg, 0.150 mmol) was stirred in 10 mL until a 
clear solution was obtained. For room temperature reactions, the precursor 
solution was allowed to stand in a 15 mL centrifuge tube undisturbed under 
ambient conditions without any stirring. For reflux reactions, the reaction 
mixture in a 25 mL rbf with an attached water condenser was heated to reflux 
with a temperature controlled heating mantle. For hydrothermal reactions, the 
precursor solution was sealed in a 20 mL Teflon autoclave inside a stainless 
steel jacket bomb. The entire bomb was heated inside either an electric oven or 
furnace. Upon completion of reaction, equi-volume (10 mL) of isopropanol 
(IPA) was added to the reaction mixture suspension. The solid product was 
isolated by high speed centrifugation (6000 rpm), followed by two cycles 
repeated washings with IPA. For smaller particles that fail to settle, ultra-high 
speed centrifugation (15000 rpm) will be used instead. The isolated product 
was dried under vacuum and kept inside a sample vial before being used for 
any further characterizations or investigations. 
 
 The respective amounts of starting materials for various binary and 
ternary metal sulfide targets are summarized in Tables 3.10 and 3.11 
respectively below. The amount of surfactant and STS used depends on the 
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overall charge valency of the metal ion. For Bi
3+
, 3 molar equivalents of 
surfactant was used. The amount of STS used is based on the stoichiometry 
relation with the assumption of the formation of a "metal thiosulfate" 
precursor, as summarized in Scheme 3.2 below. 
 
Table 3.10. Summary of starting materials used for the standard synthesis 





Amount used  





Bi2S3 Bi citrate 39.8  (0.100)  STS: 37.2 mg (0.150 mmol) 
MSA: 45.0 mg (0.300 mmol) 
NaMPS: 53.5 mg (0.300 mmol) 
Sb2S3 K2Sb2Tar2 30.7 (0.050)
 b
  
In2S3 InCl3 22.1 (0.100)  
ZnS ZnCl2 13.6 (0.100)  STS: 24.8 mg (0.100 mmol) 
MSA: 30.0 mg (0.200 mmol) 
NaMPS: 35.6 mg (0.200 mmol) 
CdS CdCl2 18.3 (0.100)  
HgS HgCl2 27.2 (0.100)  
PbS Pb(NO3)2 17.0 (0.100)  
Ag2S AgNO3 33.1 (0.100)  STS: 12.4 mg (0.050 mmol) 
MSA: 15.0 mg (0.100 mmol) 
a 
Under standard conditions, only one surfactant type, either MSA or NaMPS 
is used for each single reaction. 
 
b
 0.050 mmol of potassium antimony tartrate (K2Sb2Tar2) is equivalent to 





Table 3.11. Summary of starting materials used for the standard synthesis 





Amount used  
 /mg (mmol) 








STS: 24.8 mg (0.100 mmol) 









STS: 37.2 mg (0.150 mmol) 







STS: 31.0 mg (0.125 mmol) 







STS: 31.0 mg (0.125 mmol) 







STS: 24.8 mg (0.100 mmol) 
MSA: 30.0 mg (0.200 mmol) 
a
 0.025 mmol of potassium antimony tartrate (K2Sb2Tar2) is equivalent to 
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(aq) + 0.5 S2O3
2- 
(aq)  0.5 (M
I
)2(S2O3) (aq) (1) 
 M
2+ 
(aq) + 1.0 S2O3
2- 
(aq)  1.0 (M
II
) (S2O3) (aq) (1) 
 M
3+ 
(aq) + 1.5 S2O3
2- 
(aq)  1.5 (M
III
)2(S2O3)3 (aq) (1) 
Scheme 3.2. Formation of "metal thiosulfate" precursors for metal ions of 
different valencies. 
 
3.4.2 Synthesis of Bi2S3@Au nano-composites 
 The as-prepared Bi2S3 sample (10.0 mg, 0.0194 mmol) was first 
suspended in an ethanolic solution (10 mL) containing oleic acid (0.160 mL, 
0.504 mmol) and octylamine (0.500 mL, 3.03 mmol). Subsequently, 5 mL of 
ethanolic solution containing KAuCl4.2H2O (1.8 mg, 0.0049 mmol) was added 
to the reaction mixture, prior to heating at 40
o
C for 1 h. At the end of the 
reaction, the solid product was collected by centrifugation, followed by two 
repeated washings with EtOH and dried under vacuum. 
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 The miscellaneous results which supports the previous sections are 
summarized in Table 3.12 below. All reaction conditions are kept to the 
standard methodology, otherwise specified below. The FESEM micrographs of 
the samples are shown in Figures 3.33 and 3.34 below. 
 
Table 3.12. Summary of miscellaneous results obtained. 
Product Reaction conditions 
a
 Fig. no. Morphology 
b
 
Bi2S3 RT with stirring 3.33(a) SD (50-200 nm). 
 RT with sonication 3.33(b) SD (50-200 nm). 
 RF without STS 3.33(c) μ-structures (>1 μm). 
Sb2S3 RF with EtOH-H2O 3.34(a) SM (200 nm; 400 nm*). 
 RF with PrOH-H2O 3.34(b) SM (150 nm; 400 nm*). 
 RF with Me2CO-H2O 3.34(c) SD (150-300 nm). 
 RF with MeCN-H2O 3.34(d) SM (200 nm*; 400 nm). 
a
 RT: Room temperature; RF: Reflux. 
 
b 
SD: Spheres (deformed);  
 SM:  Spheres, mixture of large and small spheres (with average size range 




Figure 3.33. FESEM micrographs of Bi2S3 samples obtained under the 
reaction conditions: (a) RT with stirring, 1 h; (b) RT with sonication, 1 h;  
(c) Reflux in the absence of STS, 12 h. 
 
a c b 
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Figure 3.34. FESEM micrographs of Sb2S3 samples obtained from 2 h reflux 
reactions with different solvent-water pairs, in the presence of MSA solvent:  
(a) EtOH-H2O (79
o
C); (b) PrOH-H2O (97
o









Figure 3.35. Photograph of Sb2S3 suspensions in water. The red sample 
consist of the larger spheres (>500 nm) while the orange sample consist of 
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 The fabrication of metal chalcogenides have been of interest due to the 
semi-conductor properties exhibited. Specifically the Group 15 metal 
chalcogenides series of A2E3 (A = Sb, Bi and E = S, Se, Te) have been 







 applications. As suitability of the material for semi-
conducting applications depends primarily on its band gap, much efforts have 
been focused on the fine tuning of the material band gap.
13
 The band gap of a 
semi-conductor increases with decreasing particle size, due to the effects of 
quantum confinement,
14-17
 which varies with the exciton Bohr radius of the 
material fabricated. The reported Bohr radii of some metal chalgogenides are 
given are as follows: Bi2S3 (29.8 nm);
18,19
 Bi2Se3 (4 nm);
20





 CdS (2.5 nm);
24
 PbS (18 nm).
14,25
 Given the relatively small 
Bohr radii of most materials and the synthetic challenge in the preparation of 
small nano-crystals, the choice of fine tuning the band gap by means of 
quantum confinement is limited. The alternative route of tuning the band gap 
is by altering the overall material composition, such as the introduction of 
"impurities", also known as doping. In the context of binary metal 
chalcogenides, an additional metal may be added to form ternary systems, 
whereby the overall composition is varied by the respective metal ratios. Some 









 In the previous chapter, we briefly demonstrated on how ternary metal 
sulfides can be easily obtained by simple chemical means. In this chapter, we 
will discuss specifically on the Sb(2-x)BixS3 system (or (Sb,Bi)2S3 for simplicity)  
as an extension to the work on the binary Sb2S3 and Bi2S3 systems discussed 
earlier. The study of this ternary system is interesting as both orthorhombic 
phase Sb2S3 and Bi2S3 (also known as stibnite and bismuthinite respectively) 
of the same Pbnm (62) space group and share similar cell parameters. Since 
both are isomorphous,
30
 the ternary (Sb,Bi)2S3 systems exist as solid 
solutions
31
 of the binary Sb2S3 and Bi2S3. Stibnite-bismuthinite solid solutions 
are also known to exist naturally in mineral ores.
32
 Despite their isomorphism, 
the size difference of both Sb (145 pm) and Bi (160 pm) atoms results in some 
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subtle differences in their crystallographic structure, which is observable from 
X-ray diffraction studies.
27
 Detailed crystallographic studies into the trends in 
these structural variations with respect to the Sb:Bi ratio have been reported in 
the literature.
26,33,34
   We will discuss our observations in the next section. 
 
4.2 Results and Discussion 
 In our studies of ternary (Sb,Bi)2S3 solid solutions, the samples were 
prepared from two different routes with different starting materials and 
reagents, as summarized in schemes 4.1 and 4.2 below. For the first approach, 
the starting materials used were the respective metal thiobenzoates, 
Sb(SCOPh)3 and Bi(SCOPh)3, which are actually also the single-source 
precursors used to prepare binary Sb2S3 and Bi2S3 as discussed previously. The 
solid samples obtained from this route are capped with trioctylphosphine oxide 
(TOPO) and dodecanethiol (DdT), which makes them dispersible in non-polar 
solvents such as toluene. For the second approach, potassium antimony 
(K2Sb2Tar2) and bismuth citrate (BiCit) were the respective metal precursors. 
Sodium thiosulfate (STS) acts as the primary sulfur source, where the sulfide 
ion is generated from the disproportionation of the thiosulfate ion,
35
 as seen in 
equation (1). The samples obtained from this route are water dispersible as 
mercaptosuccinic acid (MSA) was used as the surfactant. For each approach, 
samples were obtained from different Sb:Bi precursor ratios and their 
characteristics studied primarily by PXRD and FESEM. EDX characterization 
is also performed on selected samples. 
 
(2-x) Sb(SCOPh)3 + x Bi(SCOPh)3  Sb2-xBixS3 + 3 (PhCOS)2 
 
Scheme 4.1. Reaction scheme for the preparation of ternary (Sb,Bi)2S3 from 




(aq)  12 S (s) + 3 S
2-
 (aq) + 9 SO4
2-




 (aq) + x Bi
3+
 (aq) + 12 S2O3
2- 
(aq)  
 Sb2-xBixS3 (s) + 12 S (s) + 9 SO4
2-
 (aq)  (2) 
 
Scheme 4.2. Reaction scheme for the preparation of ternary (Sb,Bi)2S3 from 
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 As mentioned earlier that since stibnite and bismuthinite are 
isomorphous to each other, their PXRD patterns are expected to be similar, 
based on information obtained from the crystallography database. This is 
evident as the indexed PXRD patterns of our experimental Bi2S3 and Sb2S3 
samples share very similar patterns, as shown illustrated in Figure 4.1 below.  
 




Figure 4.2. Narrow 2θ range PXRD patterns of (a) Bi2S3; (b) Sb2S3. The 
additional peak at 28.5
o
 (in green text) is indexed to the (230) and (320) lattice 
planes of stibnite. 
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 While the differences between both PXRD patterns are subtle, the most 
observable differences are the positions of the peaks indexed to the (211), 
(221), (301) and (311) lattices, which are between the 2θ range of 28 to 36o. 
This is illustrated in Figure 4.2 above, which shows the comparison of the 
Bi2S3 and Sb2S3 PXRD patterns, narrowed to the 2θ range of 22 to 38
o
. The 
additional peak at 28.5
o
 for Sb2S3 is indexed to the (230) and (320) lattice 
planes of stibnite. A summary of the differences in the crystallographic data 
(based on literature values) is listed in table 4.1 below. The general trend 
observed for the positions of these four peaks is the increase of about 0.5
o
 for 
stibnite as compared to bismuthinite. It is believed that a substitution of a Bi 
atom to a smaller Sb atom in the orthorhombic crystal lattice results in the 
decrease in the interplanar d-spacing. Consequently this results in the shift in 
the diffraction peaks to larger 2θ values.27 In the context of the ternary 
(Sb,Bi)2S3 systems, the degree of shift in the peak values will be a useful 
diagnostic indicator on the Sb:Bi composition within the solid solution, which 




Table 4.1. Selected crystallographic data of stibnite and bismuthinite. 
 Sb2S3 (Stibnite) Bi2S3 (Bismuthinite) 
JCPDS No. 00-042-1393 00-017-0320 
Lattice plane 2θ / o d / Å 2θ / o d / Å 
(211) 29.247 3.051 28.605 3.118 
(221) 32.351 2.765 31.796 2.812 
(301) 33.394 2.681 32.939 2.717 
(311) 34.344 2.609 33.915 2.641 
 
4.2.1 Synthesis of (Sb,Bi)2S3 from thiobenzoate precursors 
 This methodology to prepare the ternary metal sulfides is actually a 
modification of the "single-source precursor" route used to prepare binary 
metal sulfides, by means of utilizing the combination of two or more single-
source precursors. While there are numerous publications reporting the 
synthesis of various metal sulfides from different single-source precursors, not 
much has been reported for the corresponding ternary systems. For the 
synthesis of (Sb,Bi)2S3, the utilization of this methodology was reported to be 
employed first by Sun et al. where the hydrothermal treatment of a 
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combination of single precursors Sb(DDTC)3 and Bi(DDTC)3 (where DDTC = 
dithiocarbamate) yielded pure mono-dispersed 3D micro-sized flowers.
13
 Our 
research group had previously reported the synthesis of Bi2S3 nano-rods from 
its Bi(SCOPh)3 precursor
38
 and the corresponding Sb2S3 counterpart has been 
discussed extensively in Chapter 2. The discussion in this sub-section is 
therefore an extension to our previous work, with the primary focus on the 
resulting morphologies obtained. 
 
 It is however to be mentioned that the current data is insufficient to 
have a complete conclusion on the effect of every single experimental 
parameter on the growth of structures. The key plan is to optimize reaction 
conditions for a wet synthesis of the material of desired morphology. While it 
will be useful to account for every single effect from a change in experimental 
parameter, this will be a time consuming process. While a trend may be 
observed for a certain system or compound, this trend may not hold for 
another expected system. For example, both Sb and Bi are group 15 elements 
are expected to have similar chemistry. Moreover orthorhombic Sb2S3 and 
Bi2S3 are isomorphous, suggesting the close similarity in their behavior. 
However the decomposition of the Sb(SCOPh)3 and Bi(SCOPh)3 precursors 
under identical reaction conditions was found to yield entirely different 
structures, whereby Sb2S3 micron-bowties and Bi2S3 nano-rods were obtained 
respectively. Extensive work has been done to demonstrate that our wet 
synthesis approach is applicable for a wide variety for the preparation of 
different types of (sulfide) materials. Not mentioned in this thesis are the failed 
reactions. For instance, it was observed (but not reported here) that the 
decomposition of a single source precursor with the desired metal and 
chalcogen element did not yield the expected metal chalcogenide. 
 
Effect on reaction temperature 
 Pure crystalline (Sb,Bi)2S3 samples were obtained from the 
decomposition of Sb(SCOPh)3 and Bi(SCOPh)3 mixture in 1:1 ratio at the 
temperature range of 100 to 200
o
C. (Their respective PXRD patterns are 
presented in appendix Section 4.6.) One interesting observation made was that 
during the previous preparation of pure binary Sb2S3 and Bi2S3 samples from 
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their respective single-source precursors, no visible solid products were 
formed despite prolonged heating of the precursor mixtures separately at a low 
temperature of 100
o
C. Though the reason for the lowering of the 
decomposition temperature is unclear, we believe that a trend may be observed 
with variation of different Sb:Bi precursor ratios in the mixtures. Based on 
TEM studies shown in Figure 4.3 below, nano-sized rod structures were 
obtained for samples prepared at 100, 150 and 200
o
C. Rod-bundles were 
obtained at 100
o
C, while complete individual nano-rods were obtained at 150 
and 200
o
C. The nano-rods obtained at 200
o
C were thicker (average thickness 
of 40 nm), probably due to higher crystal growth rate, promoted by the higher 
reaction temperature. 
 
 The formation of rod bundles was favored in low temperature while in 
contrast higher temperature favored the formation of individual nano-rods. 
This difference in the overall structure is possibly due to a change in the 
surfactant capping activity with respect to temperature. While the Krafft 
temperature and critical micelle concentration (CMC) of the system were 
unknown, it is possible that the micelle concentration was not high enough at 
the lower temperatures, thereby resulting in an increased occurrence of 
agglomeration. The average dimensions of the rod bundles (70 x 400 nm) are 
relatively larger than the individual rods (with average lengths of 200 nm) but 
on closer observations, the rod bundles are actually made up of even smaller 
nano-rods with an average thickness of 6 nm. As shown in Figure 4.4, the 
HRTEM micrographs of these smaller rods suggest that they are nearly single 
crystalline as the lattice fringes are observed to be arranged in along single 
direction, indexed to the (110) planes of stibnite / bismuthinite. This claim is 
backed by SAED, with spots indexed to their respective reflection planes.  
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Figure 4.3. TEM micrographs of (Sb,Bi)2S3 samples obtained from thermal 








   
 
Figure 4.4. HRTEM and SAED patterns of nano-rod bundles. 
 
Effect on precursor ratio 
 Keeping the reaction temperature consistent at 150
o
C, we performed 
reactions with varying Sb:Bi precursor ratios from 0:100 to 100:0, to 
investigate the effects on the resulting morphologies obtained. The indexed 
PXRD patterns of the (Sb,Bi)2S3 samples obtained from different Sb:Bi ratios  
are matching to the patterns of stibnite and bismuthinite, as presented in 
Figure 4.5 below. The expected gradual shifts in the (211), (221), (301) and 
(311) peaks to larger 2θ values are observed with increasing Sb:Bi ratios, as 
seen from the narrow 2θ range of between 27 to 35o in Figure 4.6 below. Since 
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any given indexed diffraction peak, it can be inferred that the samples obtained 
are homogenous solid solutions, rather than a mixture of separate pure phase 
Sb2S3 and Bi2S3. This claim is backed by FESEM studies where the samples 
are made up of mono-dispersed nano-structures, rather than a mixture of 
different structures, as summarized in Figure 4.7 below. While Vegard's Law is 
useful in verifying the experimental Sb:Bi stoichiometries for solid solutions, 
peak broadening and poor signal to noise ratio in the PXRD pattern made it 
difficult to ascertain accurate 2θ values, as presented in Figure 4.6. Despite 
that most solid-solution samples did not produce "good quality" PXRD data, a 
moderately linear empirical relationship obeying Vegard's Law was observed. 
The detailed calculations are shown in the Appendix Section 4.5. 
 
 
Figure 4.5. PXRD patterns of (Sb,Bi)2S3 samples obtained from varying 
Sb:Bi thiobenzoate precursor ratios. 
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Figure 4.6. Narrow 2θ range PXRD patterns of (Sb,Bi)2S3, showing the 
gradual shifts of the (211), (221), (301) and (311) peaks with varying Sb:Bi 
thiobenzoate precursor ratios. 
 
 Similar to the results obtained from the variation of reaction 
temperatures, rod-like structures were primarily obtained. While the overall 
morphology remains rod-like, a general trend of increasing rod dimension was 
observed with increasing Sb:Bi ratio. The pure Bi2S3 nano-rods have the 
smallest dimension of about 20 x 200 nm. Subsequent increase in Sb:Bi ratio 
up to 75:25 resulted in the increase in both rod length and thickness. At high 
Sb:Bi ratio of above 90:10, the structures obtained started to deviate from 
individual rods. Nano-plates were obtained at ratios between 90:10 to 93:7, 
while any further increase in Sb content resulted in the formation of micro-
sized bowties of rod-bundles (as seen in Chapter 2).  
 
 It is worthwhile mentioning that to the best of our knowledge, mono-
dispersed Sb2S3 of true nano-sized dimensions (<100 nm) has yet to be 
obtained by simple chemical synthesis methods. The Bohr radii as quoted in 
from literature is typically below the dimensions of 100 nm. As quantum 
confinement effects will be observed for particles with dimensions below the 
Bohr radii, physical properties (e.g. band gap) of such materials can thereby be 
tuned by adjustment of the particle size.  Most reports of Sb2S3 nano-rods or 
wires from chemical means are of nano-scale thickness but of micron-scale 
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 Similarly as discussed earlier in Chapter 2, we were not successful 
in obtaining nano-sized Sb2S3 from Sb(SCOPh)3 despite extensive 
optimization efforts. Henceforth, the use of mixed Sb-Bi precursors (with high 
Sb:Bi ratio) is a possible alternative approach, whereby the resulting Bi-doped 
Sb2S3 will have similar nano-rod morphology as pure Bi2S3 while maintaining 
Sb2S3 character. While the nano-rod dimensions generally increase with 
increasing Sb:Bi ratio, there is a significant deviation from this trend at ratios 
larger than 75:25. Beyond this ratio, the nano-plates begin to form in place of 




Figure 4.7. FESEM micrographs of (Sb,Bi)2S3 samples obtained from 
reactions at 150
o
C with varying Sb:Bi precursor ratios, as listed above. The 
micrographs of (a) to (f) are of similar magnifications. 
0:100 10:90 25:75 
75:25 90:10 50:50 
95:5 100:0 93:7 
b c 
d f e 
a 
h i g 
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 Elemental analysis of selected samples have been performed by using 
EDX. The representative EDX spectrum is shown in Figure 4.8 below, 
showing Sb, Bi and S as the main elements, while the average elemental 
atomic percentage is summarized in Table 4.2. The common trend observed 
was lower than expected sulfur composition. This non-stoichiometric behavior 
can be possibly attributed to defects in the crystal lattices commonly observed 
for ternary solid solutions.
41-43
 The observed deviation of the Sb:Bi ratio of the 
product from the expected precursor Sb:Bi ratio is probably also due to the 
non-stoichiometric defects. The non-stoichiometry of the product makes it a 
challenge to accurately predict the product Sb:Bi ratio. While the precursor 
and product Sb:Bi ratios may not necessarily match, a general trend is still 
observable. A near 1:1 product ratio was obtained from the samples prepared 
from 50:50 precursor ratio, and this product ratio increases accordingly with 
increasing precursor ratio. For simplicity in the comparison between reactions, 
we will base our discussions with respect to the precursor ratio, unless 
mentioned otherwise.  
 
 
Figure 4.8. Representative EDX spectrum of the (Sb,Bi)2S3 samples. 
 





C Expected values 








S 48.90 (1.91) 50.54 (2.04) 54.44 (2.39) 60 (3) 60 (3.0) 
Sb 22.05 (0.86) 22.89 (0.93) 18.20 (0.80) 20 (1) 10 (0.5) 
Bi 29.06 (1.14) 26.57 (1.07) 27.37 (1.20) 20 (1) 30 (1.5) 
* The values in the parenthesis are the normalized ratios with respect to the 
total metal ratio. 
 
(Sb,Bi)2S3 
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 The EDX data (taken from TEM) presented are an average values of a 
few measurements made. The values between large area and selected particles 
(<10) were similar. It was difficult to isolate single individual particles on the 
TEM due to particle agglomeration. 
 
4.2.2 Synthesis of (Sb,Bi)2S3 from thiosulfate precursors 
 Similar studies were performed on (Sb,Bi)2S3 samples obtained from 
thiosulfate precursors. From PXRD studies, similar shifts to the larger 2θ 
angles were observed of the (211), (221), (301) and (311) peaks for samples 
with higher Sb:Bi ratios, as illustrated in Figures 4.9 and 4.10 below. 
Additionally, the crystallinity of the sample also decreases at high Sb:Bi ratios 
(e.g. 90:10). In the absence of Bi source, pure amorphous Sb2S3 spheres were 
obtained (as discussed earlier in Section 3.2.4).  
 
Figure 4.9. PXRD patterns of (Sb,Bi)2S3 samples obtained from varying 
Sb:Bi thiosulfate precursor ratios. 
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Figure 4.10. Narrow 2θ range PXRD patterns of (Sb,Bi)2S3, showing the 
gradual shifts of the (211), (221), (301) and (311) peaks with varying Sb:Bi 
thiosulfate precursor ratios. 
  
 
Figure 4.11. TEM micrographs of water-dispersible (a) Bi2S3, (b) (Sb,Bi)2S3 
(Sb:Bi precursor ratio 1:1) and (c) Sb2S3 samples obtained from aqueous 
reflux reactions with STS and MSA surfactant. 
 
 
Figure 4.12. HRTEM and SAED patterns of (Sb,Bi)2S3 nano-urchin. 
 
 However unlike the samples obtained from the thiobenzoate route, a 
range of different nano-structures were obtained with from the thiosulfate 
route; from nano-flowers of pure Bi2S3 to nano-urchins, nano-rods and finally 








a b c 
Chapter 4 Morphological studies on (Sb,Bi)2S3 
   
111 
 
of pure Bi2S3 nano-flowers, (Sb,Bi)2S3 nano-urchins (Sb:Bi ratio of 1:1) and 
amorphous Sb2S3 nano-spheres. The main structural difference between the 
nano-flowers and -urchins, is the board "petals" of the former as compared to 
thin straight rods of the latter. The central core of the nano-urchin is relatively 
circular, suggesting a hybrid structure between the nano-flowers and -spheres, 
with a similar growth mechanism (see Chapter 3). The rods making up the 
nano-urchin are likely to be single crystalline as clear single lattice fringe 
patterns indexed to the (101) plane were observed. In contrast, the urchin core 
was poly-crystalline as inferred from indexed SAED ring patterns, as shown in 
Figure 4.12 above. 
 
 An interesting evolution trend of nano-structures is observed from 
FESEM studies, shown in Figure 4.13 below. High Bi compositions (>50% Bi) 
generally yielded nano-flowers. As the Sb:Bi ratio increases, the flower 
"petals" get more elongated, eventually forming nano-urchins of nano-rods at 
ratios of about 50:50. High Sb content (80-85%) favors the formation of nano-
rods instead and any further increase (>90% Sb) leads to the formation of a 
mixture of amorphous nano-spheres and deformed rods. The color of the 
product also gradually changes from black to grey to maroon-brown and 
finally red, with increasing Sb:Bi ratios. Since the overall crystallinity 
decreases at high Sb contents, the color change from black to brown is 
possibly due to the contribution of pockets of amorphous Sb2S3 incorporated 
into the growing crystal structure as reflected in the PXRD patterns in Figure 
4.9(d) for 90:10 composition, 2θ~25°. Table 4.3 below summarizes the 
preliminary elemental analysis by EDX of the nano-urchin sample obtained 
from the Sb:Bi precursor ratio of 67:33 (simplified as 2:1). Similar to the 
(Sb,Bi)2S3 samples obtained from the thiobenzoate route, the atomic 
percentage of sulfur was lower than the expected values, i.e. non-
stoichiometric. The Sb:Bi ratio of the product was found to be 75:25, with a 
significant deviation of higher Sb content as compared to the precursor ratio of 
67:33. Interestingly, similar observations have also been reported for ternary 
metal sulfides in the literature, where metal ratios of the product deviate 
significantly from the precursor ratio. Scheele et al.
12
 demonstrated that in the 
preparation of ternary (Sb,Bi)2Te3, reaction conditions such as temperature, 
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control the resulting morphology. However the overall Sb:Bi composition is 
morphology dependent, where different ratios were obtained despite using the 
same amounts of starting materials. 
 
 
Figure 4.13. FESEM micrographs of (Sb,Bi)2S3 samples obtained from 
aqueous reflux reactions with STS and MSA surfactant, in varying Sb:Bi 
precursor ratios, as listed above. All micrographs are of similar magnifications. 
The color of the text boxes reflects the relative colors of the solid products 
isolated. 
 
 Table 4.3. Summary of elemental analysis results obtained from EDX. 
Precursor Experimental Expected values 








S 58.21 (2.79) 60.0 (3.00) 
Sb 31.18 (1.49) 26.7 (1.33) 
Bi 10.62 (0.51) 13.3 (0.67) 
* The values in the parenthesis are the normalized ratios with respect to the 
total metal ratio. 
0:100 40:60 50:50 
70:30 80:20 60:40 
90:10 100:0 86:14 
b c 
d f e 
a 
h i g 
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 We demonstrated that in this preliminary study, the variation of Sb:Bi 
precursor ratio have an effect in the overall morphology obtained, summarized 
in table 4.4 below. Based on PXRD studies, the samples obtained are 
homogenous ternary stibnite-bismuthinite solid solutions and not made up of 
separate binary Bi2S3 and Sb2S3. The degree of Sb-Bi substitution can be 
easily observed by the relative positions and shifts in some characteristic 
diffraction peaks from the sample PXRD patterns. In general, the samples are 
non-stoichiometric and it is observed that the Sb:Bi ratio of the product may 
deviate from the precursor ratio. One possibility for this phenomenon is that 
the composition of the product is morphology-controlled, which in turn is 
controlled by reaction conditions. This study can be extended by performing 
further optimization studies with respect to the reaction conditions. It will also 
be interesting to study various physical properties or characteristics of the 
materials fabricated, such as thermoelectric or band gap measurements. The 
basis of this work can also potentially be further extended to quaternary 








Fig. no. Morphology 
a
 
Thiobenzoate precursor route 
b
 
0:100 4.7(a) NR (20 x 180 nm). 
10:90 4.7(b) NR (30 x 170 nm). 
25:75 4.7(c) NR (25 x 180 nm). 
50:50 (100
o





C) 4.3(c,d); 4.7(d) NR (35 x 200 nm). 
50:50 (200
o
C) 4.3(e,f) NR (40 x 200 nm). 
75:25 4.7(e) NR (40 x 300 nm). 
90:10 4.7(f) NP (40 x 500 nm). 
93:7 4.7(g) NP (100 x 1000 nm). 
95:5 4.7(h) μ-bowties (6 μm length). 
100:0 4.7(i) μ-bowties (10 μm length). 
Thiosulfate precursor route 
c
 
0:100 4.11(a); 4.13(a) NF (250-300 nm). 
40:60 4.13(b) NF (300 nm). 
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Table 4.4. (continued) 
50:50 4.11(b); 4.12; 4.13(c) NU (400 nm). 
60:40 4.13(d) NU (500 nm). 
70:30 4.13(e) NU (600 nm),  
with loose NR (40 x 220 nm). 
80:20 4.13(f) NR (50-60 x 500 nm). 
86:14 4.13(g) NR (80-100 x 420 nm). 
90:10 4.13(h) NR (120 x 650 nm);  
NS (250-300 nm). 
100:0 4.11(c); 4.13(i) NS (250-300 nm). 
a 
NR: Nano-rods; NRB: Nano-rod bundles; NP: Nano-plates; 
NF: Nano-flowers; NU: Nano-urchins; NS: Nano-spheres. 
 
b 
All thiobenzoate route reactions are performed at 150
o













 All reagents used were of commercially available analytical grade or 
higher (unless otherwise stated) and used without any further purification. 
Standard techniques were employed for the preparation of samples for 
characterization (PXRD, FESEM, HRTEM and EDX), which will be 
elaborated in detail in the Chapter 9. 
 
4.4.1 Synthesis of Sb(SCOPh)3 ad Bi(SCOPh)3 
 The synthesis of Sb(SCOPh)3 was based on literature methods
45
 and 
have been described in details Chapter 2. Briefly, Na(SCOPh) was first 
prepared in-situ by mixing PhCOSH with excess NaOH in EtOH, under ice 
bath conditions. Addition of SbCl3 solids into the ethanolic mixture with rapid 
stirring resulted in the precipitation of Sb(SCOPh)3 solids. Bi(SCOPh)3 was 
prepared using the similar method, with Bi(NO3)3 as the metal salt in place of 
SbCl3. The precursors were collected by suction filtration and used without 
any further purification. 
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4.4.2 Synthesis of (Sb,Bi)2S3 from thiobenzoate precursors 
 The methodology employed was based on the preparation of Sb2S3 
from Sb(SCOPh)3, as described in detail in Chapter 2. Briefly, for the 
preparation of (Sb,Bi)2S3 from Sb:Bi precursor ratio of 1:1, the one-pot 
reaction mixture consisting of precursors Sb(SCOPh)3 (21.6 mg, 0.0405 
mmol), Bi(SCOPh)3 (25.1 mg, 0.0405 mmol), DdT (0.970 mL, 4.05 mmol) 
and TOPO (1566 mg, 4.05 mmol) was gently warmed with stirring until a 
homogenous clear solution was obtained. The reaction mixture was 
subsequently heated in argon atmosphere at 150
o
C for about 1 h. Upon 
reaction completion, the product mixture was cooled to room temperature, 
washed with isopropanol and isolated with centrifugation. The isolated 
product was washed repeatedly for two more times before being dried under 
vacuum. The reaction was repeated for the preparation of (Sb,Bi)2S3 with 
varying Sb:Bi precursor ratios, while keeping the amount of DdT and TOPO 
consistent. Table 4.5 below summarizes the amount of Sb(SCOPh)3 and 
Bi(SCOPh)3 used. 
 
Table 4.5. Summary of respective amounts of Sb(SCOPh)3 and 
Bi(SCOPh)3 precursors used for varying Sb:Bi ratios. 
Precursor 
Sb:Bi ratio 
Amount of Sb(SCOPh)3 
 / mg (mmol) 
Amount of Bi(SCOPh)3 
 / mg (mmol) 
0:100 -- 50.3 (0.0810) 
10:90 4.3 (0.0081) 45.2 (0.0729) 
25:75 10.8 (0.0203) 37.7 (0.0608) 
50:50 21.6 (0.0405) 25.1 (0.0405) 
75:25 32.4 (0.0608) 12.6 (0.0203) 
90:10 38.9 (0.0729) 5.0 (0.0081) 
93:7 40.2 (0.0753) 3.5 (0.0057) 
95:5 41.0 (0.0770) 2.5 (0.0041) 
100:0 43.2 (0.0810) -- 
 
4.4.3 Synthesis of (Sb,Bi)2S3 from thiosulfate precursors 
 The methodology employed is similar to the preparation of water 
dispersible metal sulfides, described in detail previously in Chapter 3. Briefly, 
for the preparation of (Sb,Bi)2S3 from Sb:Bi precursor ratio of 1:1, the one-pot 
reaction mixture consisting of K2Sb2Tar2 (15.3 mg, 0.025 mmol), BiCit (19.9 
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mg, 0.050 mmol), STS (37.2 mg, 0.150 mmol) and MSA (45.0 mg, 0.300 
mmol) in 10 mL of deionized water was gently warmed with stirring until a 
homogenous clear solution was obtained. The reaction mixture was 
subsequently refluxed for about 1 h. Upon reaction completion, the product 
mixture was cooled to room temperature, washed with isopropanol and 
isolated with centrifugation. The isolated product was washed repeatedly for 
two more times before being dried under vacuum. The reaction was repeated 
with varying Sb:Bi precursor ratios, while keeping the amount of STS, MSA 
and solvent consistent. Table 4.6 below summarizes the amount of K2Sb2Tar2 
and BiCit used. 
 
Table 4.6. Summary of respective amounts of K2Sb2Tar2 and BiCit 
precursors used for varying Sb:Bi ratios. 
Precursor 
Sb:Bi ratio 
Amount of K2Sb2Tar2 
 / mg (mmol) 
a
 
Amount of BiCit 
 / mg (mmol) 
0:100 -- 39.8 (0.1000)  
40:60 12.3 (0.0200) 23.9 (0.0600)  
50:50 15.3 (0.0250) 19.9 (0.0500) 
60:40 18.4 (0.0300) 15.9 (0.0400) 
70:30 21.5 (0.0350) 11.9 (0.0300) 
80:20 12.3 (0.0200) 8.0 (0.0200) 
86:14 26.4 (0.0430) 5.6 (0.0140) 
90:10 27.6 (0.0450) 4.0 (0.0100) 
100:0 30.7 (0.0500) -- 
a
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Figure 4.14. PXRD patterns of (Sb,Bi)2S3 samples obtained from Sb:Bi 










Figure 4.15. Narrow 2θ range PXRD patterns of (Sb,Bi)2S3, samples 







C. The (211), (221), (301) and (311) peaks are observed to 
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 Vegard's Law can be expressed as [(2θ)mix = (a)(2θ)Sb + (100-a)(2θ)Bi] 
whereby for a selected indicator PXRD peak: 
 (2θ)mix = 2θ value of the (Sb,Bi)2S3 solid-solution mixture 
 (2θ)Sb = 2θ value of pure phase Sb2S3 sample 
 (2θ)Bi = 2θ value of pure phase Bi2S3 sample 
 a = Composition (%) with respect to Sb in the solid-solution   
 
 Based on Figures 4.6 and 4.10, the (211) and (221) peaks between the 
2θ value of 28-30o and 31-33o respectively were the chosen indicator peaks 
due to their overall moderate to high signal intensity and large shift in peak 
position between pure phase Sb2S3 and Bi2S3 samples. Tables 4.7 and 4.8 
below summarizes the selected PXRD data obtained from Sb2S3, Bi2S3 and 
"(Sb,Bi)2S3" samples. 
 
Table 4.7. 2θ  values of indicator peaks for (Sb,Bi)2S3 samples prepared 
from thiobenzoate precursors. 
Expected Sb:Bi ratio 2θ (211) /
o
 2θ (221) /
o
 
100:0 29.35 32.45 
75:25 29.15 32.35 
50:50 28.85 32.00 
25:75 * * 
0:100 28.62 31.83 
* Data point omitted due to poor resolution of PXRD data obtained. 
 
Table 4.8. 2θ  values of indicator peaks for (Sb,Bi)2S3 samples prepared 
from thiosulfate precursors. 
Expected Sb:Bi ratio 2θ (211) /
o








90:10 29.25 32.35 
70:30 28.85 32.05 
50:50 28.75 31.90 
0:100 28.60 31.80 
†
 Represented by literature data as the Sb2S3 sample prepared is amorphous. 
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Figure 4.16. Plot of (211) peak position against Sb composition for 




Figure 4.17. Plot of (221) peak position against Sb composition for 
(Sb,Bi)2S3 samples prepared from thiobenzoate (TBZ) and sodium thiosulfate 
(STS) routes. 
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 The plots shown in Figures 4.16 and 4.17 above demonstrate moderate 
linear correlation of the respective peak positions against the Sb composition 
percentage. These empirical linear fit plots are in accordance to Vegard's Law 
(i.e. direct correlation plot between the two points at Sb composition of 0 and 
100%). As discussed earlier in section 4.2.1, the accuracy of the above results 
are limited by the resolution of the PXRD plots. The above plots are a best an 
estimate of the actual Sb / Bi composition.  
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 Composites are essentially hybrid materials that consist of two or more 
multiple components, which often display enhanced physical or chemical 
characteristics as compared to their individual parent components. As such, the 
development of composites has led to the discovery of various new materials 
with desired material properties. For example, the dependence of optical 
properties (such as light absorption, photoluminescence, or band gap tuning) 
on material composition
2-6
 has a great technogical advantage as it provides 
with an extra freedom in the design of efficient optical devices.
1-5
 Bi2S3 is a V-
VI semiconductor material that has attracted substantial interest due to its 
various intrinsic properties, such as high thermoelectric activity and low direct 
band gap (1.2 to 1.7 eV), which makes it a suitable material for solar cells.
6,7
 
Furthermore, Bi2S3 is relatively non-toxic as compared to other V-VI 
semiconductor materials of its class. Li et al.
8
 reported third-order nonlinear 
optical (NLO) properties of Bi2S3 nano-rods / wires, with dimensions of 60 nm 
by 1.9 µm, prepared by hydrothermal method. In this study we report our 
investigation into the NLO response of Bi2S3@Au nano-rod composites 
dispersed in toluene. These nano-composites were prepared by a simple 
chemical method, with Au nano-particles (NPs) uniformly distributed on the 
surfaces of Bi2S3 nano-rods; and were very stable. Similar to previous reports 
from our research group on the NLO activity of ternary metal chalcogenides 
(e.g. CuInS2, AgInSe2) prepared from chalcogenobenzoate precursors,
9-11
 we 
observed large NLO responses of the Bi2S3@Au nano-composite and an 
enhancement, as compared to Bi2S3 nano-rods without the coating of Au NPs. 
 
5.2 Results and Discussion 
 Previously in Chapter 3, we discussed briefly on the fabrication of 
Bi2S3@Au nano-flower composites. Henceforth we will present further details 
on our observations made during the fabrication of the Bi2S3@Au nano-
composites in general in the first section of our discussion of this chapter. In 
the second part of the discussion, we present our results obtained from NLO 
studies on both Bi2S3 and Bi2S3@Au samples, where we observed greater 
nonlinear enhancement for the latter composite material as compared to the 
former. 
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5.2.1 Synthesis of Bi2S3 nano-rods and Bi2S3@Au nano-rod composites 
Fabrication of nano-composite material 
 Both Bi2S3 and Bi2S3@Au samples prepared were crystalline and 
found to match the PXRD pattern of orthorhombic phase Bi2S3 (JCPDS 00-
017-0320) as shown in Figure 5.1 below. It is interesting to note that no peaks 
corresponding to elemental Au was observed for the Bi2S3@Au nano-rod 
composite, possibly due to the low concentration of Au. Based on EDX 
analysis, the average Bi:S:Au ratio is found to be 2.0:3.3:0.2. The details of 
results from EDX studies can be found under the appendix Section 5.5. The 




Figure 5.1. PXRD patterns of Bi2S3 nano-rods and Bi2S3@Au nano-rod 
composites. 
 
 The typical TEM/HRTEM micrographs of both products are shown 
below in Figure 5.2. The Bi2S3 nano-rods have an average length of 160 nm 
and width of 15 nm. The measured lattice fringes widths were found to be 5.04 
and 3.79 Å, which correlates to the (120) and (101) planes of Bi2S3. The 
Bi2S3@Au nano-composite has similar rod dimensions as the pure Bi2S3 nano-
rods, except that the rod surfaces were uniformly coated with Au nano-
particles with average diameters of 3 to 4 nm as seen in Figures 5.2(d-e) below. 
In addition to EDX characterization mentioned above, the presence of Au was 
further confirmed by HRTEM, where the lattice fringe for the Au nano-
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particles is found to be 2.31 Å, as shown in Figure 2f. This corresponds to the 
(111) plane of elemental Au. The wider lattice fringe of 5.63 Å corresponds to 
the (020) plane of Bi2S3. 
 
 
Figure 5.2. TEM micrographs of (a-c) Bi2S3 nano-rods; (d-f) Bi2S3@Au 
nano-rod composites showing the even distribution of Au nano-particles on the 
Bi2S3 nano-rod surfaces. 
 
  In the synthesis of the Bi2S3@Au nano-composites, the combination 
mixture of OTA-OA acts as both capping and reducing agent.
12
 Despite using 
0.5 mole equivalent of KAuCl4 with respect to precursor Bi(SCOPh)3, the 
amount of Au deposited on the Bi2S3 nano-rods was lower than expected, at 
the range of 0.15 to 0.25, with respect to the Bi:S ratio of 2:3. This is probably 
due to incomplete reduction of the KAuCl4, as the supernatant washings 
obtained at the end reaction are observed to be yellow. Efforts to drive the 
reaction to completion were not successful. Prolonging the reaction time 
resulted in the formation of "free" Au nano-particles that were not attached to 
the rod surfaces, while higher reaction temperatures resulted in the formation 
of large Au agglomerates. We also observed that increasing KAuCl4 
concentration resulted in the formation of unknown intense peak in the PXRD 
pattern, which are attributed to currently unidentified impurities. Interestingly 









d e f 
a b c 
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particles did not grow beyond 3 to 4 nm and the distribution on the rod surface 
remains relatively uniform. This may be due to repulsion of the long 
hydrocarbon surfactants between neighboring nano-particles.
13
 This inter-
particle repulsion possibly prevents further growth in size for the Au particles 
attached onto the Bi2S3 nano-rod surface. Consequently, the Au particles also 
cannot grow laterally across the rod surface into a complete Au-layer to 
encapsulate the entire nano-rod under the given reaction conditions.  
 
 It is assumed that DdT and OA are capped onto the Bi2S3 nano-rod and 
Au nano-particles respectively as they were their respective surfactants used 
for their separate synthesis step. Consequently, it is technically possible to 
detect the presence of the surfactant via spectroscopic means, e.g. IR and 
NMR spectroscopy, whereby the fingerprint of the organic surfactants should 
be observable, to suggest their presence. While these two spectroscopic 
characterization were performed, the results obtained were not useful. For 
instance the IR spectra shows a very broad absorbance, possibly due to the 
strong IR absorbance of the material, such that it masked the contribution of 
the IR stretching frequencies of the respective organic surfactant. From the 
1
H-
NMR studies performed, the only chemical shifts obtained were the solvent 
peaks. While efforts were made to prepare a concentrated sample, the amount 
of surfactant adsorbed onto the respective particles are too low to be quantified. 
 
UV-Vis spectroscopy characterization 
 Due to the presence of the non-polar long carbon chain surfactants 
DdT and OA, both Bi2S3 nano-rod and Bi2S3@Au nano-composite samples 
were well dispersed in non-polar organic solvents, such as toluene, forming 
homogenous maroon-brown colloidal suspensions, which are stable for at least 
6 h. This is due to the favorable non-polar interactions between the 
hydrophobic hydrocarbon tail of the surfactant and the non-polar toluene 
solvent. In contrast, the products obtained were poorly dispersed in polar 
solvents. We observed that the products were not water dispersible and can 
only be moderately dispersed in ethanol to form similar homogenous colloids. 
Figure 5.3 below shows the typical UV-vis spectra for a batch of both Bi2S3 
nano-rods and Bi2S3@Au nano-composites, where broad absorption bands 
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from 300 to 800 nm were obtained for both samples. The λmax value were read 
off directly from the analysis software. The λmax values for Bi2S3 (solid line) 
and Bi2S3@Au (proliferated line) composite are 587 and 546 nm respectively.  
 
 
Figure 5.3. UV-vis absorption spectra of Bi2S3 nano-rods (λmax 587 nm) 
and Bi2S3@Au nano-composites (λmax 546 nm). 
 
 We have observed from our experiments that the maximum absorbance 
peak for the Bi2S3 nano-rods is typically found to be in the range, 560 to 580 
nm. In contrast, the Bi2S3@Au nano-composites had similar spectra but the 
maximum absorbance peaks were blue-shifted to the range, 530 to 540 nm. 
This is possibly due to the overlap of the surface plasmon absorbance peak for 
the Au nano-particles, which typically fall between 520 to 530 nm.
14
 In 
contrast, "free" OLA-OA capped Au NPs (average diameters of 7 to 10 nm) 
were reported to have the peak absorbance at 535 nm.
15
 This further justifies 
that the blue-shift is due to the influence of the Au NPs. There was no photo-
luminescence activity observed for both products. 
 
Surface stability of attached Au NPs 
 In general, the Bi2S3@Au nano-composite was found to be relatively 
stable under normal workup washings with EtOH, as no free Au nano-particles 
were observed under TEM, as shown above. Further stability tests on the 
attachment of Au nano-particles to the Bi2S3 nano-rods were performed with a 
series of repeated washing cycles. Typically, a sample of the Bi2S3@Au nano-
composite was re-dispersed in toluene and subjected to prolonged sonication 
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for 5 minutes in an ultrasonic bath, and worked up by centrifugation. A portion 
of the solid sample was extracted for further analysis while the washing cycle 
was repeated for the remaining samples for up to ten cycles, with partial 
sample collection performed at the end of each cycle. The supernatants 
collected from each washing cycle were clear colorless solutions and UV-vis 
spectroscopy is unable to confirm the presence of any absorbance peak 
attributable to elemental Au. PXRD analysis of the collected solid samples 
was performed and it was observed that the peak pattern attributable to 
elemental Au gradually increased in intensity with increasing number of 
washing cycles. The Au peaks were previously absent from the original 
untreated Bi2S3@Au sample. As shown in Figure 5.4 below, the TEM 
micrographs of the samples suggest an increasing portion of free Au nano-
particles and agglomerates with respect to increasing washing cycles. Based 
on the above observations, it is evident that the interactions between the Au 
nano-particles and Bi2S3 nano-rod surfaces are weak. We believe that these 
weak interactions are driven by the aurophilic nature of the sulfur atoms of the 
both the DdT surfactant and Bi2S3 nano-rods.  
 
 
Figure 5.4. TEM micrographs of Bi2S3@Au nano-rod composites after 
repeated washings: (a) 5 cycles; (b) 10 cycles. 
 
5.2.2 NLO studies on Bi2S3 and Bi2S3@Au samples 
 Open-aperture nanosecond Z-scans of Bi2S3 nano-rods and Bi2S3@Au 
nano-composites were recorded at 532 nm and 1064 nm wavelengths. At these 
two wavelengths, both Bi2S3 nano-rods and Bi2S3@Au nano-composites 
exhibited strong saturable absorption (SA) at low intensities. For higher 
intensities the behavior was complex with switching from SA to reverse 
saturable absorption (RSA), as shown below in Figures 5.5 and 5.6. This 
a b 
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complex behavior mainly comes from saturation in the ground state absorption, 
and subsequent free-carrier absorption and nonlinear scattering due to thermal 
expansion and/or bubble formation.  
 
 
Figure 5.5. Open-aperture Z-Scans of Bi2S3 nano-rods and Bi2S3@Au 
nano-composites, showing SA dominated at low intensities and RSA 




Figure 5.6. Open-aperture Z-Scans of Bi2S3 nano-rods and Bi2S3@Au 
nano-composites, showing SA dominated at low intensities and RSA 
dominated at higher intensities with 7 ns laser pulses at 1064 nm. 
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Figure 5.7. Schematic energy level diagram for Bi2S3 nano-rod and 
Bi2S3@Au nano-composite. 
 
 A simple three-level model as shown above in Figure 5.7 was used to 
quantify the observed NLO processes and to fit the experimental data. This 
model uses the three-level-rate equations and takes into account the ground 
state absorption and free-carrier absorption. In this model, the two-photon 
absorption was also included. Two-photon absorption was negligible in our 
nanosecond Z-scans as the laser intensity was relatively low (~100 MW/cm
2
). 
But it is important in our femtosecond Z-scans as the laser intensity is of three 
orders of magnitude higher. The three levels refer to a level at the ground state, 
a lower level and a higher level at the conduction band.  
 
 From UV-vis absorption spectra, resonant absorption peaks for Bi2S3 
nano-rods and Bi2S3@Au nano-composites were found to be in the range from 
500 nm to 600 nm. Due to resonant absorption at 532 nm, both samples 
possess strong SA behavior at low intensities. Free-carrier absorption and 
nonlinear scattering become the dominating phenomena at higher intensities, 
with magnitudes being dependent on the excitations wavelengths.  Free-carrier 
absorption and nonlinear scattering leads to RSA, which outperform SA at 
higher intensities as shown in Figure 5.5 for 532 nm wavelength. Similar 
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behavior also manifests itself at 1064 nm, as shown in Figure 5.6. Linear 
absorption band for the Bi2S3 nano-rods and Bi2S3@Au nano-composites is 
extended till 1200 nm wavelength; and hence, the ground state absorption is 
main process for SA at low intensities. 
    
 In the modeling, the different NLO processes can be quantified as 
follows.
16
 At lower intensities (<50 MWcm
-2 
for 532 nm excitation and <120 
MWcm
-2 
for 1064 nm excitation), we fit our data with free-carrier absorption 
only since our experiments showed that nonlinear scattering was negligible. 
These obtained free-carrier absorption cross-sections were used to fit higher-
intensity nanosecond Z-scan curves to find nonlinear scattering coefficient 
(αscat). The parameters used in the best fit are tabulated in Tables 5.1 below. 
Similar switching from SA to RSA was also recorded at 780 nm with 
femtosecond laser pulses, as displayed in Figure 5.8. It should be pointed out 
that in this case, nonlinear scattering was found to be insignificant, and RSA 
should result from free-carrier absorption and two-photon absorption. Table 
5.1 shows the parameters generated from the best fit. 2 is the two-photon 
absorption cross-section.
17
 It is interesting to note that all the parameters for 
Bi2S3@Au nano-composites are enhanced, as compared to their counterparts 
in Bi2S3 nano-rods. We believe that the enhancement results from the presence 
of surface plasmon resonance of Au nano-particles.  Similar enhancement was 




 From Table 5.1, it is evident that the free–carrier absorption cross-
section obeys the square dependence on light wavelength, similar to previous 
reports.
19,20
 Li et al. reported the nonlinear optical properties of Bi2S3 nano-
rods. Due to wider band gap (5eV) and higher aspect ratio (20-40), their 
nano-rods exhibited RSA at 532 nm excitation.
8
 In the present work, the band 
gap and the aspect ratio of Bi2S3 nano-rods are 1.4eV and 10 respectively. 
As a consequence, these Bi2S3 nano-rods and Bi2S3@Au nano-composites 
show broad linear absorption from UV to near-IR spectral region, which 
enables these materials to display SA at lower intensities. The mathematical 
derivations for the coefficient values are in the appendix Section 5.5. 
Chapter 5 Synthesis & NLO studies on Bi2S3 and Bi2S3@Au 




Figure 5.8. Open aperture Z-scans of Bi2S3 nano-rods and Bi2S3@Au nano-
composites, showing SA at low intensities and RSA at higher intensities with 
500 fs laser pulses at 780 nm. 
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Table 5.1. Summary of parameter / coefficient values: excitation intensity 
range (I00), ground state cross section (σ0), FCA cross-section (σFCA), two-
photon absorption coefficient (β) and cross-section (σ2), and nonlinear 
scattering coefficient (αscatt) of Bi2S3 nano-rods and Bi2S3@Au nano-
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 We have demonstrated a simple facile method to prepare organic 
solvent dispersible Bi2S3@Au nano-rod composites. The Bi2S3@Au nano-
composites have been found to exhibit enhanced nonlinear absorption, as 




The NLO measurements, studies and interpretation of results were performed 
by Dr. Venkatram Nalla and Dr. Venkatesh Mamidala from Professor Ji Wei's 
research group at the Department of Physics, National University of Singapore. 
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 The single-source precursor Bi(SCOPh)3 was prepared based on the 
literature methods.
21
 The subsequent decomposition of this precursor in a one-
pot reaction yielded Bi2S3 nano-rods.
22
 The detailed procedures for the 
preparation of the single-source precursor and its subsequent decomposition 
has been described in earlier Chapters 2 and 4. The synthesis of the Bi2S3@Au 
nano-composite is described in Chapter 3. The descriptions for the standard 
characterization techniques (PXRD, HRTEM, EDX and UV-vis spectroscopy) 
are discussed in Chapter 9. 
 
5.4.1 NLO measurements 
 NLO experiments, in particular for the measurements of nonlinear 
absorption, were carried out using the open aperture Z-scan technique. In our 
Z-scan experimental setup, a laser beam with a Gaussian profile was focused 
using a lens. The sample (or toluene dispersion in 1-mm-thick quartz cuvette) 
was then moved along the propagation direction of the focused beam. At the 
focal point, the sample experienced a maximum light intensity, which 
gradually decreased in either direction from the focus. Due to this variation in 
the light intensity, the intensity-dependent part of the light absorption of the 
sample (or nonlinear absorption) should manifest itself the in the measured 
light transmittance. The nonlinear absorption of the Bi2S3 and Bi2S3@Au 
nano-rods were studied with nanosecond and femtosecond laser pulses at three 
different wavelengths. The details of experimental set-ups are given as follows. 
 
Nanosecond laser Z-scans 
 In the open aperture Z-scan with nanosecond laser pulses, a frequency 
doubled Nd:YAG (yttrium aluminum garnet) laser (Spectra Physics DRC-3, 
532 nm, 7 ns, 10 Hz) was used as the excitation source. Apertures were 
introduced in the path for beam shaping and neutral density filters were 
inserted to vary the laser intensity. The thickness of the sample was chosen in 
such a way that it was smaller than the Rayleigh range of the focused beam 
calculated to be ~3 mm. The pulses were also divided into two parts, one part 
used as the reference, and the other part was focused onto a 1-mm-thick quartz 
cuvette that contained the sample solution with a focus lens (f = 15 cm). The 
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values of beam waist at focus were measured to be ~205 m at 532 nm and 





. The linear transmittance of the sample solutions was adjusted to 
65% at corresponding wavelength and the incident and transmitted laser pulses 
were measured simultaneously with two energy detectors (Laser Probe RKP 
465). 
 
Femtosecond laser Z-scans 
 The nonlinear absorption of the Bi2S3 and Bi2S3@Au nano-rods at 780 
nm were also measured by using a femtosecond Z-scan technique. The 
femtosecond laser pulses were generated by a mode-locked Ti:sapphire laser 
(Quantronix, IMRA), which seeded a Ti:sapphire regenerative amplifier 
(Quantronix, Titan) with a pulse duration of 500 fs. The laser pulses were 
focused onto the nano-rods solution in a 1-mm-path-length quartz cuvette, 
with a beam waist of ∼30 μm. The solution had a linear transmittance of 65%. 
The incident and transmitted laser powers were monitored as the cuvette 
moved along the z direction, toward and away from the focus position.
2
 To 
vary the laser intensity, calibrated neutral density filters were used. The data 
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EDX analysis of the Bi2S3@Au nano-rod composite, with the elemental 
analysis given below. 
 
Figure 5.9. Representative EDX spectrum of the Bi2S3@Au nano-rod 
composite. The presence of Cu peaks were due to the Cu grids used, which are 
carbon-coated. 
 
Element Weight% Atomic% 
S K 17.59 57.99 
Au M 10.02 5.38 
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where 0 (α0/NVB) is the ground state absorption cross-section, FCA is the 
free-carrier absorption cross-section,  is the two-photon absorption 
coefficient, NVB, NLCB, and NHCB, are the populations in the valance band (VB), 
a lower level (LCB) and higher level of the conduction band (HCB) 
respectively. inter and intra are the inter band and intra band lifetimes (inter5 
ns and intra0.4 ns).
16
 z0 is the Rayleigh range, ω0 is the beam waist at focus, 
p is the input pulse width. I is intensity as a function of r, t, and z, I00 is peak 
intensity at the focus of the Gaussian beam. 
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 Recently there has been increasing interest in the fabrication of water 
dispersible nano-particles due to their potential bio-applications. Some 
potential medical applications
1





contrast agents for magnetic resonance (MRI)
6-10
  and computed tomography 
(CT) imaging.
9-15
 While the choice of non-toxic compounds is an obvious 
preferred choice, the surface properties
10
 of the nano-particles is also an 
important consideration for bio-compatible interaction between the nano-
material with the host under physiological conditions. Bio-compatible 
surfactants or "coating agents" are often employed and have various functions, 
such as to improve overall colloidal stability
16
 and to mask any possible 
intrinsic cyto-toxic interactions exhibited by the material itself. Various classes 
of these surfactants have been studied and functionalized. Some examples 












 and "Tween 80".
24
 The modification of the surfactant 
functional groups provides the additional versatility of the nano-material to 




 CT scan is a useful medical imaging diagnostic technique used to 
construct detailed cross sections and 3D topological images of a patient. The 
common CT scan contrast agents currently used are mainly iodine-based 
complexes, due to its relative low cost and low-toxicity. However there are 
known limitations to the use of iodinated based contrast agents. For  instance 
short circulation times
10,11
 within the patient's body, while some patients were 
reported to develop allergic reactions to the iodinated compounds and in 
adverse cases, contrast agent-induced nephropathy
25-28
 (damage to kidney 
tissues) may occur. One basic criterion of an effective CT contrast agent 
material is that it has to be substantially dense enough to absorb incoming X-
rays. Typically the heavier elements, including iodine are suitable for this 
purpose due to their high X-ray absorption coefficients.
13,29
 However most of 
the heavier elements are toxic to human health. Gold
13
 is another promising 
candidate for contrast agent but the drawback is its cost. Bismuth is a 
relatively low toxic and stable element but one key challenge is the low water 
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solubility of its compounds or complexes under psychological conditions. To 
overcome the water solubility limitation, water-soluble bismuth-based 
complexes and nano-particles have been synthesized and studied medical 
purposes, including but not limited to drugs and bio-imaging applications.
2,30
 
Recently, various research group reported bio-imaging studies with Bi2S3 
water-soluble nano-particles as contrast agents.
11,14,15,23
 Their reported results 
indicate great contrast enhancement and longer circulation time as compared 
to the commercially available iodinated contrast agents. However despite the 
promising attributes demonstrated, the main challenges cited in the literature 
are the difficulties in controlling the morphologies and surface modification of 
the Bi2S3 nano-particles.
13
 Morphological control is potentially important for 
biological applications due to the high conformational requirements for many 
physiological processes, such as the "lock-and-key" or "induced-fit" model of 
enzyme-substrate interactions. Similarly, surface modification is of importance 
due to biological issues, such as bio-compatibility and targeted delivery or 
response. 
 
 In this chapter, we will discuss the results from our studies addressing 
the synthetic challenges highlighted above. Previously in Chapter 3, we 
demonstrated how different morphologies of water dispersible Bi2S3 nano-
particles prepared from thiosulfate precursors can be obtained by variation of 
reaction conditions. While the Bi2S3 nano-flowers prepared previously are 
water dispersible, we observed that they were poorly dispersed in saline 
solutions, which were used to simulate physiological conditions. Henceforth 
we performed surface modification studies on our samples and in the process 
also obtained Bi2S3 samples of different morphologies. Subsequently, X-ray 
imaging studies, including phantom CT scans are performed on our prepared 
Bi2S3 samples as compared to the commercially available iodine-based 
contrast agents, Visipaque (iodixanol) and Omnipaque (iohexol). The chemical 
structures of the two contrast agents are illustrated in Figure 6.1 below.   
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Figure 6.1. Chemical structure of Visipaque (iodixanol) and Omnipaque 
(iohexol). 
 
6.2 Results and Discussion 
 Our Bi2S3 nano-flowers were prepared from thiosulfate precursors as 
described earlier in Chapter 3. Gram scale synthesis was successful achieved, 
where the original reaction scale (typically done in milligram scale; see 
Chapter 3) was increased by 100 fold, yielding the same crystalline mono-
dispersed Bi2S3 nano-flowers. PXRD pattern of the sample matches 
orthorhombic phase Bi2S3 (JCPDS No. 00-017-0320), as shown in the 
appendix Section 6.5. We would like to highlight that our Bi2S3 samples were 
prepared using non-toxic starting materials, thereby eliminating the likelihood 
of cross contamination with any toxic chemicals. Interestingly due to the large 
scale synthesis, we isolated a very minute proportion of elongated nano-
particles that resemble isolated "flower petals" that make up the nano-flowers. 
This side product was isolated from the supernatant layers, during the workup 
of the reaction mixture with high speed centrifugation (~15000 rpm). This was 
not observed previously as the yield only makes up <1% of the total product 
yield. The FESEM micrograph of this side product is shown in the appendix 
Section 6.5. 
 
 Preparation of contrast agent material  
 As mentioned earlier, the as-prepared water dispersible Bi2S3 nano-
flowers were observed to be poorly dispersed in saline solutions (0.9% NaCl). 
This incompatibility may be due to the poor interaction between of the MSA 
surfactant on the particle surfaces with the highly charged NaCl ionic solution. 
One probable approach to promote surface interactions between the particle 
surface and the saline solvent is to deprotonate of the MSA to its conjugate 
Visipaque (iodixanol) 
Omnipaque (iohexol) 
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base form. However to our surprise, the addition of aqueous KOH to a 
homogenous brown colloidal suspension consisting of Bi2S3 nano-flowers 
caused settling of the solids. Contrary to expected result, the treatment of 
KOH caused the solids to be less dispersible in water. On closer observations 
from FESEM studies, the overall morphology of the Bi2S3 changed from nano-
flowers to nano-plates. (Refer to appendix at Section 6.5.) Since the decrease 
in dispersity of particles was not a desired effect, we did not perform any 
further study on the causes of this effect. While the mechanism for this 
transformation remains unknown, it is possible that the addition of the strong 
base changes the pH and zeta potential of the colloid, which affects the 
interactions between particles, leading to agglomeration and settling. 
Alternatively, the base may either disrupt the capping ability of the MSA 
surfactant or completely removed the surfactant from the particle surface, 
resulting in poorer solvent dispersity.  
 
 The other alternative approach is to encapsulate the entire nano-
particle with a secondary layer of surfactant that complements the primary 
layer. We were successful in improving the Bi2S3 sample dispersity in saline 
using this approach, by performing the post reaction treatment with PVP, a 
bio-compatible hydrophilic polymer, which has been widely used for bio-
applications. The morphology of the PVP-treated Bi2S3 remained unchanged 
as observed from FESEM studies (Figure 6.2b), making this a suitable general 
approach to possibly increase saline dispersity for nano-particles. Interestingly, 
the addition of the same amount of PVP to the thiosulfate precursor mixture 
prior to reflux yielded smaller nano-rods (Figure 6.2c) instead of nano-flowers 
(Figure 6.2a) at the end of the reflux reactions. These nano-rods were of 
smaller dimensions (20 x 130 nm) as compared to the nano-flowers (~200 nm). 
It is likely that the PVP polymer plays an active co-surfactant role along with 
MSA during the crystal growth of Bi2S3. The formation of nano-rods instead 
of flowers is a result of the synergetic interactions of the combination of PVP-
MSA. It will be interesting to study how the overall morphology evolves with 
varying PVP:MSA ratios. 
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Figure 6.2. FESEM micrographs of various water dispersible Bi2S3 
samples: (a) untreated nano-flowers (average diameter: 200 nm); (b) PVP-
treated nano-flowers (average diameter: 200 nm); (c) nano-rods, obtained from 
reflux reaction with MSA-PVP combination (average length: 130 nm). 
 
X-ray contrast agent studies 
 Both qualitative and quantitative contrast agent imaging studies were 
performed on the Bi2S3 samples prepared, which were compared against the 
commercial iodinated contrast agents, Visipaque and Omnipaque, acting as 
experimental controls. Qualitative imaging studies were performed with the C-
Arm X-ray machine with Visipaque solutions as the control. Based on the X-
ray images obtained, it was observed that the Bi2S3 nano-flower colloidal 
samples exhibit contrasting capability. Figure 6.3 below illustrates the 
experimental setup and results from the qualitative contrast studies. This batch 
of  Bi2S3 samples used in this study were untreated and thereby have poorer 
dispersity in saline solutions, as some minor settling of the solid particles were 
observed. While the differences in opacity of the Bi2S3 samples were not 
clearly observed under visible light, the corresponding X-ray image revealed 
the trend of increasing contrast of X-ray opacity with increasing 
concentrations. 
 
 Subsequent CT phantom scans were performed for Bi2S3 samples of 
different morphologies (nano-flower and -rods), with Omnipaque as the 
control, at concentrations from 0 to 10 mg/mL. An average human adult has 
about 5 liters of blood volume and the rough estimate of the injected contrast 
agent in-vivo circulation concentration is within that range. The experimental 
results and setup for the CT scans are illustrated in Figures 6.4 and 6.5 below 
respectively. 
 
a b c 
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Figure 6.3. Photographs of (a) the C-arm X-ray machine setup; (b) a bottle 
of Visapaque; (c) test saline solutions of Visapaque (top row) and Bi2S3 
colloidal suspensions (bottom row) in increasing concentrations (in I, Bi2S3 




Figure 6.4. X-ray attenuation plot 100 kVP of samples, Omnipaque (OP), 




H2O 0 1 5 10 20 40 80 320 160 H2O 0 1 5 10 20 40 80 320 160 
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Figure 6.5.  Photographs of (a) the CT scan machine setup; (b) a bottle of 
Omnipaque, and (c) sample CT phantom scan image of Omnipaque (OP), 
Bi2S3 nano-flowers (BF), -rods (BR) and -rods dispersed in water (BR-W). 
 
 From the CT scan image, the spot brightness corresponds to the 
contrast ability of the particular sample. Quantitative data obtained are in 
terms of the arbitrary unit of "Hounsfield Units" (HU), where a brighter spot 
corresponds to a larger HU value. The X-ray attenuation plot summarizes the 
trends observed for the various samples taken from the CT scan. Based on the 
plot shown in Figure 6.5 above, the commercial contrast agent has superior 
contrasting ability as compared to all our Bi2S3 samples. We notice that the 
Bi2S3 nano-flowers have lower HU values as compared to the nano-rods. As 
the effect of X-ray attenuation depends on targeted area, smaller particles will 
generally be more efficient CT contrast agents due to their larger surface 
area.
31
 This is in accordance to our experimental observations, whereby the 
Bi2S3 nano-rods are smaller in size, resulting in larger surface area to volume 
ratio (qualitatively) for greater extent of X-ray attenuation and higher HU 
values. Furthermore the rods are better dispersed in saline, attributed to its 
a b 




1.0 0.0 0.5 
BR-W 
BR 
Concentration, mg (I, Bi2S3) / mL 
c 
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overall smaller particle size. Consequently this increases the efficiency of X-
ray attenuation for the given sample. Similar trends were observed for nano-
rods dispersed in saline and water. The gradient for both plots are similar, 
while the overall lower HU values for sample "BR-W" is due to the lower HU 
value of a blank water sample as compared to a blank saline solution. This 
suggests that the solvent does not have any significant effect the overall 
intrinsic X-ray attenuation ability of the sample. The X-ray attenuation plots of 
CT scans taken at 80 and 120 kVP show similar results and are shown in the 
appendix, together with all other measured HU data. 
 
6.3 Summary 
 We demonstrated a simple approach to surface modification of nano-
particles. Post reaction treatment with PVP improved the dispersity of the 
Bi2S3 samples in saline solution. A simple modification during the synthesis of 
Bi2S3 by the addition of PVP as co-surfactant to MSA into a refluxing reaction 
mixture changes the overall morphology of the product obtained. The Bi2S3 
samples exhibit X-ray absorption characteristics and trends in the contrasting 
ability were observed with varying concentration. While the commercial 
contrast agent Omnipaque has higher HU values, the development of Bi2S3 as 
a potential contrast agent remains attractive due to the ease and relative low 
cost of preparation of the material. Although this is a preliminary study, we 
believe that Bi2S3 in general is a potential contrast agent due to the intrinsic 
dense nature of the Bi atom. However we believe that the poor performance is 
attributed to the particle size, which in turns affect the overall stability of the 
colloidal. The research direction towards smaller and more dispersible Bi2S3 
nano-materials may yield promising results for the intended application. The 
size of nanoparticles is also utmost importance with smaller particles being the 
desired choice for biological applications. Smaller particles not only will have 
better dispersity in physiological conditions but are also easily removed from 
the body. For instance, renal clearance of nanoparticles is optimal for particle 
sizes below 5 nm as it corresponds to the vasculature pore size of a typical 
mammal.
32
 While biological membranes may be impermeable to large 
particles, this "size advantage" could be useful if the target of imaging contrast 
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is via ingestion routes (i.e. if the uptake of particles into the blood stream is 
not the desired effect). 
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6.4 Experimental 
 The methodology for the standard characterization techniques (PXRD 
and FESEM) are discussed in Chapter 9. 
 
6.4.1 Large scale synthesis of water dispersible Bi2S3 and post-reaction 
treatment with PVP 
 The detailed description for the synthesis of water dispersible Bi2S3 
from thiosulfate precursors are discussed in Chapter 3. Briefly, for the large 
scale synthesis, the one-pot reaction mixture consisting of Bi citrate (1.00 g, 
2.51 mmol), Na2S2O3.5H2O (0.935 g, 3.77 mmol) and MSA (1.13 g, 7.54 
mmol) in 250 mL of deionized water was gently warmed with stirring until a 
homogenous clear solution was obtained. The mixture was subsequently 
refluxed for 1 hour. Upon completion of the reaction, the mixture was cooled 
to room temperature, followed by the addition of 125 mL of isopropanol (IPA). 
The solid products were isolated by centrifugation, followed by two repeated 
washings with IPA. For post reaction treatment, the Bi2S3 product (yield of 
~640 mg) was redispersed in 100 mL of deionized water with "PVP-90K" 
(0.838 g, 7.54 mmol) and stirred for 12 hours in room temperature. The 
average molecular weight of PVP-90K is about 90,000 g/mol and the 
stoichiometric calculations for PVP is based on its monomer molecular weight 
(111.14 g/mol). The PVP-coated Bi2S3 samples were isolated by similar work 
up procedures described above. 
 
6.4.2 Post reaction treatment with PVP 
 The amount of reagents used are similar to the above description. The 
only difference is that PVP was added to the refluxing reaction mixture instead 
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of a post reaction treatment. However due to the smaller particle size, a 
modified workup was required. Upon completion of reflux, 100 mL of acetone 
(instead of IPA) was added to the reaction mixture. The solid products could 
be isolated by centrifugation. However the product solids agglomerated upon 
complete drying in vacuum, resulting in difficulty in re-dispersing in water. 
Therefore the bulk of the product was kept as a suspension in deionized water. 
Whenever necessary, a sample of the product was extracted and dried for 
further characterization (i.e. PXRD and FESEM).  
 
6.4.3 X-ray imaging scans 
 Standard serial dilutions were performed on the stock solutions of the 
commercial contrast agents (Visipaque and Omnipaque) with 0.9% NaCl 
saline solution. The stock concentrations for Visipaque and Omnipaque were 
320 and 350 mg I/mL respectively. The diluted samples were collected in 2mL 
plastic Eppendorf sample vials. Similarly Bi2S3 saline suspensions were 
prepared with the corresponding amounts of solids dispersed in 2 mL of saline, 
in the units of "mg (Bi2S3)/mL". However for comparative studies on the 
graph plots, the concentration values for Bi2S3 were adjusted to "mg Bi/mL", 
as Bi constitutes 81.29% mass to Bi2S3. The concentration ranges were from 
0.0 to 320 and 0.0 to 10.0 mg/mol respectively for the C-Arm and CT scans 
respectively. The X-ray imaging scans were performed at the Diagnostic 
Radiology Clinic, Tan Tock Seng Hospital. CT scans were performed under 
power ratings of 80, 100 and 120 kVP and the data obtained were evaluated 
using the software programs RadiAnt DICOM Viewer and Syngo FastView. 
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Figure 6.6. FESEM micrographs of (a) Bi2S3 nano-flower petals, obtained 
as minor side product from the large scale synthesis of Bi2S3 nano-flowers 
from thiosulfate precursors; (b) Bi2S3 nano-plates, obtained from the post 




Figure 6.7. Representative PXRD patterns of as-prepared Bi2S3 samples. 
 
b a 
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Figure 6.8. X-ray attenuation plots taken at 80 and 120 kVP of samples, 
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 Tables 6.1 to 6.3 below are the data values for CT scans taken at 80, 
100 and 120 kVP. The Bi concentration in "mg Bi/mL" has been adjusted 
from "mg (Bi2S3)/mL" as Bi constitutes 81.29% mass to Bi2S3. 
 
Table 6.1. HU values of CT scan samples taken at 80 kVP. 
Conc. 
(mg I/mL) 




OP 488.3 465.5 347.8 254.4 91.3 110.5 45.4 -- 
BF 103.5 100.8 94.9 71.7 59.5 52.5 45.4 -- 
BR 212.2 180.6 14.4 104.7 79.2 68.1 45.4 -- 
BR-W 176.3 127.2 89.4 51.9 28.2 16.8 -- 25.9 
Conc. 
(mg Bi/mL) 
8.1 6.1 4.1 2.0 0.8 0.4 0.0 H2O 
 
Table 6.2. HU values of CT scan samples taken at 100 kVP. 
Conc. 
(mg I/mL) 




OP 374.3 361.3 273.1 200.5 151.1 89.0 37.3 -- 
BF 87.9 85.2 79.4 60.0 51.6 45.3 37.3 -- 
BR 178.2 150.7 120.0 87.4 66.3 58.5 37.3 -- 
BR-W 145.8 107.6 76.2 46.3 29.8 22.9 -- 22.0 
Conc. 
(mg Bi/mL) 
8.1 6.1 4.1 2.0 0.8 0.4 0.0 H2O 
 
Table 6.3. HU values of CT scan samples taken at 120 kVP. 
Conc. 
(mg I/mL) 




OP 318.1 305.7 233.8 174.3 135.5 91.2 45.2 -- 
BF 87.7 86.8 81.8 64.0 53.1 45.3 45.2 -- 
BR 182.9 154.2 125.0 91.1 68.5 59.1 45.2 -- 
BR-W 147.7 110.0 83.0 53.9 36.8 30.3 -- 28.0 
Conc. 
(mg Bi/mL) 
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 Chemical dyes have been used widely ranging from aesthetic 
coloration purposes to scientific sample staining in research. As the use of 
dyes surges in the modern living with about 7 x 10
8
 kg produced annually,
1
 the 
adherence to proper disposal guidelines is important for the environmental 
protection, which consequently affects human health. Improper use and illegal 
dumping of dyes are the major causes of water pollution. About 5 to 20% of 
dyes are released into the environment as textile effluents.
2,3
 The impact of 
pollution not only causes aesthetic damage but also various irreparable long 
term damage, such as eutrophication and upsetting the balance in the aquatic 
ecology.
4
 Some chemical dyes are also toxic and hazardous to human health. 
For example, Rhodamine B (RB) is reported to be a suspected carcinogen, 
where mutation and DNA damage to cells have been reported.
5,6
 Though 
methylene blue (MB) has a relatively low toxicity, it is reported to have caused 
burns to the eyes upon on contact with contaminated water.
7
 Diminishing fresh 
water sources and increasing consumption makes water recycling the most 
viable process to keep up with this increasing demand.
8
 The removal of 
hazardous chemical and pollutants is therefore a critical step in the process of 
water recycling.  
 
 Various methods have been employed for dye removal processes, 
which can be broadly classified into chemical, biological and physical 
means.
9,10
 Some examples of currently employed chemical methods include 









 Biological methods 
are similar except that they are driven by biochemical processes of living 




 or microbial cultures.
2,23
 
Alternatively, various physical methods have also been employed and studied, 







 Membrane filtration or specifically reverse osmosis 
methods have also been developed.
29,30
 Each method has its own advantages 
and limitations, depending on the dye and also the sample conditions. Often it 
is useful to employ a combination of techniques to improve the rate of dye 
degradation.
17,31,32
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 Photo-degradation of dyes in the presence of nano-particles as photo-
catalysts have been of interest due to the various advantages of this approach, 
including being non-destructive to the water sample and the dyes are often 
degraded to small harmless molecules end-products, such as water and carbon 
dioxide.
7,33
 Being heterogeneous to the dyes, the photo-catalysts can be easily 
separated and collected upon completion of the degradation of the dye. The 
observed trends for each system is usually found to be complex and dependent 
on the dye-catalyst combinations.
33
 The photo-catalytic activity of TiO2 has 
been extensively studied due to its efficient photo-degradation abilities. 
Degussa P-25 is a 3:1 mixture of anatase and rutile phase TiO2, and it is 
usually referred to as the common standard material for photo-catalytic studies 
due to its excellent photo-activity.
34,35
 While TiO2 is an efficient photo-catalyst, 
its degradation efficiency was found to vary with different dyes, due to  
differences in chemical structures of dyes.
36
 Henceforth, there has been 
substantial interest drawn towards the development of suitable alternative 
materials, such as other metal oxides and sulfides, due to their chemical 
stability and ease in handling. Based on the literature surveyed, various metal 
oxides (e.g. ZnO, In2O3, SnO2) and sulfides (e.g. ZnS, CdS, In2S3, Bi2S3, Sb2S3) 




 For our studies, we prepared water-dispersible ZnS nano-spheres (from 
Chapter 3), for photo-degradation studies with MB, RB and methyl orange 
(MO) dyes. Their respective structures are illustrated below in Figure 7.1. The 
general mechanism
36,39
 for the photo-degradation of dyes by nano-ZnS is 
summarized in Scheme 7.1 below. The photo-reaction was initiated by the 
photo-excitation of the ZnS, which generates an electron-hole pair at the 
conducting and valence bands respectively; equation (1). The generation of the 
hole (h
+
VB) propagates the formation of reactive radicals, depending on the 
target it oxidizes. Oxidation of the dye by the hole forms an unstable dye 
radical which undergoes further oxidation that eventually degrades the dye; 
equation (2). The hole is also able to propagate hydroxyl radicals (•OH) from 
the oxidation of water and hydroxide anion; equations (3) and (4). Since the 
hydroxyl radicals are very reactive and oxidizing (E
0
 = +3.06 V), any 
remaining dyes are readily oxidized and degraded by them; equation (5). 
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Figure 7.1. Molecular structures of MB, MO and RB. 
 





VB + dye    •dye
+
  oxidation of dye (2) 
 h
+
VB + H2O    H
+




 ‾    •OH (4) 
 •OH + dye    degradation of dye  (5) 
Scheme 7.1. General mechanism for the photo-degradation of dyes. 
 
7.2 Results and Discussion 
 Each dye has its different functional group as its chromophore 
backbone, resulting in unique UV-vis absorbance characteristics, i.e. spectra 
peak patterns and peak absorbance wavelengths (λmax). Table 7.1 below 
summarizes some of their characteristics. The photo-degradation studies were 
carried out under UV irradiation at 350 nm and the progress of photo-
degradation was monitored by means of UV-vis spectroscopy.  
 
Table 7.1. Summary of some characteristics of MB, MO and RB. 
Dye λmax (nm) Class Functional group  
MB 663 Cationic Thiazine 
 
MO 463 Anionic Azo 
 
RB 553 Cationic Xanthene 
 
  
Methylene Blue (MB) Methyl Orange (MO) 
Rhodamine B (RB) 
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 The dye and catalyst concentrations were kept consistent for all 
measurements, at 25 mg/mL and 1 g/L respectively. Various sets of control 
experiments performed show negligible to little dye degradation. The control 
experiments performed were blank dye samples with UV irradiation, test dye 
samples with ZnS in dark and ambient light conditions. In general, the rate of 
decolorization can be monitored by the changes in the intensity of λmax values 
for each dye. For the ease of comparison, the extent of decolorization can be 
expressed in terms of "decolorization efficiency" (DE) of the dye with respect 
to λmax by the following equation:
36
 
DE (%) = 
  - 
  
 x 100 
where C0 and C denote the concentrations of the dye prior and after photo-
irradiation respectively. Given that the absorbance is directly proportional to 
concentration by the Beer-Lambert law, DE can also be expressed in terms of 
absorbance (A): 
DE (%) = 
  - 
  
 x 100 
The mechanism for the degradation pathway for each dye is complex and has 
been studied by various groups. The end products are usually smaller 
fragments from the destruction of the original dye molecule.  
 
 For MB, the destruction of the three member aromatic ring thionine 
group yields mainly smaller single aromatic ring fragments.
40
 The intensity of 
the 663 nm peak drops rapidly to 50% of its initial absorbance within 30 
minutes and up to 80% DE is achieved within 2 hours of UV irradiation as 
seen in Figure 7.2 below. The secondary peaks at 612 and 291 nm also 
decreases albeit at a slower rate.  
 
 For MO, the breaking of the azo bonds and the resulting fragmentation 
of its conjugated system yields mainly smaller organic molecules, such as 
water and carbon dioxide.
41,42
 The intensity of the 463 nm peak drops to 50% 
within 2 hours and over 90% DE is achieved within 24 hours of UV irradiation 
as seen in Figure 7.3 below.  
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Figure 7.2. UV-vis spectra and DE plots for the photo-degradation of MB. 
 
  
Figure 7.3. UV-vis spectra and DE plots for the photo-degradation of MO. 
 
  
Figure 7.4. UV-vis spectra and DE plots for the photo-degradation of RB. 
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 The mechanism for the degradation of RB is complex and primarily 
involves a series of N-deethylation ring cleavage of its xanthene ring into 
smaller ring fragments, which is further proceeded by series of ring opening 
reactions to yield simple organic molecules.
43,44
 The intensity of the 553 nm 
peak drops by 60% within 30 minutes. A blue shift to about 500 nm is 
observed on further irradiation beyond 1 hour. This is attributed to the 
formation of other Rhodamine intermediates by the deethylation pathway.
45
 
This peak eventually disappears after 48 hours of UV irradiation. 
 
7.2.1 Effect of particle size 
 Previously in Chapter 3, we prepared ZnS of different sizes from 
thiosulfate precursors, depending on the surfactant-reducing agent 
combination used. Smaller ZnS nano-spheres (Zn1, ~20 nm) were obtained 
from reactions with the NaMPS-glucose system as compared to the larger 
spheres (Zn2, ~100 nm), obtained from the NaMPS-ascorbic acid system, as 




Figure 7.5. FESEM micrographs of ZnS nano-spheres synthesized from the 
surfactant-reducing agent systems: (a) NaMPS-glucose (average diameter: 20 
nm); (b) NaMPS-ascorbic acid (average diameter: 100 nm). The scale bars are 
of 100 nm. 
 
 Zn1 was used as the primary ZnS sample for this photo-degradation 
study. The experimental results are summarized in Figure 7.6, where the larger 
Zn2 sample yields consistent poorer DE (%) values as compared to the smaller 
Zn1. Based on Scheme 7.1, the efficiency of the photo-catalyst is dependent 
on the availability of surface electron-hole pairs. Qualitatively, smaller 
particles have larger surface area to volume ratios, allowing greater dye 
b a 
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adsorption on the photo-catalyst surface.
37,46
 A smaller particle size also 
implies a faster migration rate of the free carriers to the particle surface. This 
effectively reduces the chance of electron-hole pair volume recombination, 
resulting in more free carriers at the surface, which consequently increases the 
photo-degradation rate.
46,47
 However the particle size cannot be infinitesimally 
small, due to increase occurrence of surface recombination. Therefore an ideal 
catalyst must have a critical size that the occurrence surface and volume 
recombination is optimized. This work can be extended to the determination of 
the ZnS photo-catalyst critical size, via the time resolved carrier studies of a 





Figure 7.6. UV-vis spectra plots for the photo-degradation of (a) MB; (b) 
MO; (c) RB; and (d) comparison of DE (%) between Zn1 and Zn2. (All other 
experimental parameters are kept consistent: dye concentration 25 mg/mL; 
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7.2.3 Effect of pH 
 We extend our studies to the effect of pH on the photo-degradation 
efficiency of our ZnS samples. In reality, the pH of waste water varies and 
fluctuates, depending on natural environmental or man-made conditions. 
Therefore an ideal photo-catalyst should be effective over a range of pH for 
practical purposes. The pH for the previous sets of samples discussed is 4 and 
for this study, we prepared samples at pH 8 and 10. Aqueous NaOH is used to 




Figure 7.7. UV-vis spectra plots for the photo-degradation of (a) MB; (b) 
MO; (c) RB; and (d) comparison of DE (%) between various pH values. (All 
other experimental parameters are kept consistent: dye concentration 25 
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 Figure 7.7 above illustrates the results obtained, where there is a 
general trend of increased DE (%) with increasing pH for all three dyes. As 
shown previously in equation (4) of Scheme 7.1, the propagation of the 
surface hydroxyl radicals (HO•) arises from the interaction between the hole 
and surface water molecules or hydroxide anions (HO
-
) (under basic 
conditions). Water or HO
-
 has to be near the catalyst surface for the 
propagation of HO•. Under strongly basic conditions, the HO- concentration is 
high and the catalysis surface is likely to have more HO
-
 ions in its vicinity by 
virtue of diffusion. Consequently, the increased availability of HO• give rise to 
higher photo-degradation activity. While the increase is slight for MB and RB, 
the efficiency for the photo-degradation for MO doubled when comparing pH 
4 with pH 8. However there is a slight decrease in the value at the more basic 
conditions (pH 10). Unlike MB and RB, which are cationic dyes, MO is an 
anionic dye. At strongly basic conditions, there may be a decrease in 
adsorption efficiency of MO due to an increased likelihood of repulsion 
between an incoming MO and HO
-






 Water dispersible ZnS prepared from thiosulfate precursors were found 
to drive photo-degradation reactions of MB, MO and RB. The photo-chemical 
activity is higher for the material with smaller particle size. Mildly basic 
conditions generally favor the photo-degradation of the dyes. This work can be 
extended by varying other experimental parameters such as irradiation source 
wavelength and photo-catalyst loading amount. While this work is focused on 
ZnS, the inclusion of other water dispersible metal sulfides may potentially 
yield interesting results.  
 
7.4 Experimental 
 Water dispersible ZnS was prepared from thiosulfate precursors. The 
details for the synthesis are in Chapter 3. The details for the standard 
characterization techniques (PXRD and FESEM) are in Chapter 9. 
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7.4.1 Preparation of stock dye solutions 
 5.0 mM stock solutions of aqueous MB, MO and RB were prepared 
using standard flasks. The stock solutions were further diluted by serial 
dilution technique. The concentration for all dye solutions were fixed at 25.0 
mg/L. Table 7.2 below summarizes the conversion of dilution units for all 
dyes. Whenever necessary, the pH of the mixture was adjusted with 0.1 M 
aqueous NaOH and the pH measured with the Hanna 8417 pH meter. 
 
Table 7.2. Concentration of dye test solutions. 
Dye Molecular weight Conc. (mg/L) Conc. (M) 
MB 319.85 25.0 7.82 x 10
-5
 
MO 327.33 25.0 7.64 x 10
-5
 




7.4.2 UV-irradiation of test samples 
 10.0 mL of 25.0 mg/L dye solutions was dispensed into individual 
glass vials. Subsequently, 10.0 mg of ZnS photo-catalyst was added into each 
vial and redispersed with ultrasound. The catalyst loading concentration was 
fixed at 1 mg/mL. The vials were capped and sealed prior to placement into 
the Luzchem LZC-4V UV reactor chamber, equipped with 14 UV tubes 
emitting at 350 nm. The vials were placed about 10 cm from the UV emitting 
tubes, with the temperature of the samples were kept constant throughout the 
irradiation. 
 
7.4.3 UV-vis spectroscopic measurements of test samples 
 At required time intervals, the sample vials were removed from the 
reactor. The mixtures were redispersed by ultrasound to ensure even mixing 
prior to the aliquot sampling with a micropipette. Subsequently, the aliquot 
samples were centrifuged at high speeds (~12000 rpm) to remove the catalyst. 
Further dilution of the aliquot supernatants was required for optimal 
absorbance readings, as summarized in table 7.3 below. The total volume of 
the diluted sample was fixed at 2.5 mL. UV-vis spectroscopic measurements 
were performed on the Shimadzu UV 2450 spectrophotometer, using 1 cm 
width quartz cuvettes.  
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7.5.1 Comparison with other photo-catalysts 
 As mentioned earlier that Degussa P-25 TiO2 is the model standard 
photo-catalyst material. A comparison of our results with the literature values 
of other common photo-catalysts
36
 is summarized in Figure 7.8 below. While 
slight basic conditions at pH 8 increases DE (%) of MO for our Zn1 sample, 
the reverse trend is reported for the P-25 (surface area 50 m
2
/g) catalyst. Our 
values are similar to the commercial ZnO sample (5 m
2
/g).   
 
Figure 7.8. Comparison of DE (%) between Zn1 and other photo-catalysts 
reported in the literature, for MO. (All other experimental parameters are kept 
consistent: MO dye concentration 25 mg/mL; catalyst concentration 1 g/L; UV 
irradiation time 4 hours; irradiation wavelength 350 nm; 365 nm (lit.)). 
 
 The other bulk metal oxides and sulfides have low DE (%) values, 
probably due to the particle size of the material. We also conducted similar 
preliminary studies on other water dispersible metal sulfides prepared from 
Chapter 3.Our Bi2S3 and Sb2S3 samples do not have very high DE (%) values, 
probably due to the large particle size. However metal sulfides which are of 
similar particle size to Zn1 showed promising results which this work can be 
expanded to. The water dispersible materials which are suitable include In2S3, 
AgInS2 and CuInS2. Preliminary results from recyclability test of the ZnS 
photo-catalyst indicate little decrease in DE (%) values of up to 5 cycles of 1- 
hour irradiation, suggesting reusability of the material. It is however to be 
noted that the above study does not take into account the surface area (BET) 
and irradiation intensity into consideration. Therefore the above comparisons 
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are for informative purposes and not a direct comparison of efficiency 
between commercial and our as prepared samples. Nevertheless, similar trends 
are observed whereby overall DE is affected by pH. Further follow up for this 
work should include P-25 as the control sample and other ZnS samples 
reported in the literature.  
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8.1 Summary and highlights of current study 
 This work is generally divided into two parts; the first being the 
fabrication of metal sulfide materials by chemical means, followed by the 
studies of potential applications in the second part. In this section, we will 
highlight the results of our studies discussed in the earlier chapters and suggest 
some probable extensions to the work done. In the next section, we will 
suggest some other probable further investigative studies that we have 
currently not included in our studies. 
  
 Micro-sized Sb2S3 of varying morphologies have been prepared from 
the decomposition reactions of its single-source precursor, Sb(SCOPh)3, under 
different reaction conditions. The synthesis is further sub-divided into 
hydrophobic and hydrophilic solvent systems. For the hydrophobic system, 
TOPO was the primary solvent with DdT or amines (OTA, OLA) as the 
accompanying surfactants. The structures obtained were primarily rod-based, 
such as bowtie-like rod bundles, radial clusters of hollow rods and forked end 
rods. The growth mechanism for the structures have been proposed, based on 
the morphology of the isolated product samples at different time intervals. In 
contrast different structures were obtained from the hydrophilic system, with 
EG as the primary solvent, coupled with compatible surfactants, such as PVP, 
CTAB, MSA and L-cys. The micro-structures obtained include sausage-like, 
urchin-like, flower-like and brush-end rods. The significance of this work is 
that different morphologies of Sb2S3 can be obtained by the control of reaction 
conditions, despite the use of just one common single-source precursor. We 
believe that this approach can be extended to other thiocarboxylate derivates. 
 
 Alternatively, much effort was directed towards the development the 
dual-source precursor route, with Na2S2O3 as the primary sulfur source, with 
water as the primary solvent, coupled with hydrophilic surfactants MSA and 
NaMPS. The versatility of this method is demonstrated from the preparation of 
different water dispersible metal sulfides with the respective metal salt as the 
metal source. In general, the metal sulfides prepared from this route were 
spherical based. Much emphasis was directed towards the fabrication of water 
dispersible Bi2S3 nano-material. The control of temperature affects the 
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crystallinity of the product, where room temperature and reflux reactions yield 
amorphous and crystalline Bi2S3 respectively. The morphology of Bi2S3 
obtained include nano-spheres, -flowers and -rods. The growth mechanism for 
the nano-flowers and -spheres is also discussed. Sb2S3 nano-spheres are also 
prepared using the same methodology. The trend observed from the variation 
of experimental conditions is slightly different from Bi2S3. Unlike Bi2S3, 
amorphous Sb2S3 nano-spheres are obtained from reflux reactions. We observe 
the trend that smaller nano-spheres are obtained when NaMPS is used as the 
surfactant in place of MSA. The sphere size can also be tuned from the use of 
water miscible solvent pairs in place of water. The solvent pair affects the 
particle size by controlling both the reflux temperature and the precursor 
solubility. Interestingly these trends are not observed previously in the Bi2S3 
system. Similarly in the preparation of ZnS, smaller nano-spheres are obtained 
with NaMPS as compared to MSA surfactant. However the use of NaMPS 
surfactant has to be accompanied by a weak reducing agent as no product was 
obtained in its absence. The size can be further fine-tuned by the choice of 
reducing agent. Smaller nano-spheres are obtained with of glucose as 
compared to ascorbic acid. Hierarchical structured In2S3 nano-spheres making 
up of folded plates are obtained. Other binary metal sulfides prepared from 
include Ag2S, CdS, HgS and PbS. Ternary metal sulfides can also be prepared 
from the use of to metal salts; CuInS2, AgInS2, ZnIn2S4, CdZnS and SbBiS3 
materials have been prepared. While simple reflux reactions are employed  
primarily, this methodology can be further extended to hydrothermal systems, 
with the use of sealed autoclaves. We believe that this is an overall useful and 
attractive approach to prepare water dispersible metal sulfides, attributed both 
to its versatility and simplicity. However it is interesting to note that the 
reaction trends can be complex and varies with different metal systems. It is 
also of noteworthy mention that environmental friendly and low toxic starting 
materials are used (with the exception of toxic metals Pb, Cd and Hg). Water 
is used as the primary solvent, making this methodology an overall "green" 
approach to synthesize metal sulfide materials. 
 
 In addition to binary metal sulfides, we also investigated the 
fabrication of ternary (Sb,Bi)2S3 materials, prepared from both thiobenzoate 
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and thiosulfate precursors. The variation of Sb:Bi precursor affects not only 
the metal ratio composition of the solid solution but also the morphology of 
the structures obtained. We observe general evolution trends of both systems 
with changing Sb:Bi ratios. For the thiobenzoate precursor route, nano-rods 
obtained generally increase in size with increasing Sb content. The trend 
observed with increasing Sb content is arranged as follows: small nano-rods, 
large nano-rods, large nano-plates, micro-bowties. Different structural 
evolution is observed for the thiosulfate precursor route in order of increasing 
Sb content: nano-flowers, nano-urchins, nano-rods, rod-sphere mixtures, nano-
spheres. For the solid solutions obtained from the thiosulfate precursors, the 
crystallinity drops with increasing Sb content. The key challenge it is difficult 
to predict the product Sb:Bi as it does not necessarily matches the precursor 
ratios. Similar observations have been reported in the literature, where it is 
suggested that the product metal ratio is also dependent on structure.
1
 In the 
course of our studies, only the only variable explored is Sb:Bi precursor  ratio. 
It will be worthwhile to extend this work to include other experimental 
variables, such as temperature, surfactant type, etc, so as to better understand 
the trends observed. We believe that this work can be further extended to other 
ternary or even quaternary metal sulfide systems. 
 
 NLO studies have been conducted on Bi2S3 nano-rod and Bi2S3@Au 
nano-rod composite materials with nano- and femto-second lasers at different 
wavelengths and laser powers. Both samples exhibit non-linear activity with 
the composite material exhibiting a greater intensity. While we only studied 
the NLO activity on only one type of sample, this work can be extended to the 
other metal sulfides prepared, both binary and ternary. 
 
 Post reaction surface modification with PVP performed on water 
dispersible Bi2S3 nano-flowers prepared earlier improved the overall dispersity 
in saline solutions. While post reaction addition of PVP has negligible effect 
on the structures, addition of PVP into the reaction mixture prior to reflux 
yields nano-rods instead, which are smaller and better dispersed in either 
saline or water. As Bi2S3 has been reported to be potential CT scan contrast 
agents,
2-4
 basic X-ray imaging studies are performed on our samples. CT 
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phantom scans on Bi2S3 samples suggest that the samples are effective in 
absorbing X-rays during the imaging process. However the contrasting ability 
is not as effective as compared with the commercial contrast agent, 
Omnipaque. This is possibly due to the particle size and solvent dispersity, 
which resulted in the poorer than expected contrasting ability. It is however of 
noteworthy mention that our work addressed the issue of difficulties in 
morphological control and surface modification of Bi2S3 nano-particles.
5
 
Further developments on this work can be focused towards the fabrication of 
even smaller Bi2S3 nano-particles as the smaller particles are expected to have 
better dispersity in solvents. Other than pure Bi2S3 compounds, it will be 
interesting to study the contrasting ability of composite materials, such as 
Bi2S3@Au nano-composites. The composite materials are of interest due to 
probable synergic interactions between each individual component.  
 
 Finally we observed that the water dispersible ZnS nano-spheres are 
suitable materials for the photo-degradation of the common dyes MB, MO and 
RB under UV irradiation at 365 nm. We observed that the degradation 
efficiency (DE) increases with smaller particle size and is optimal mild basic 
conditions. The DE of our ZnS sample is superior to the commercial photo-
catalyst standard, Degussa P-25. While not discussed extensively, we also 
observed similar photo-degradation activity from preliminary studies on other 
sulfide materials prepared, including In2S3, CuInS2 and AgInS2. The ultimate 
aim for this work is to develop a catalyst that works under solar light 
conditions for practical economical treatment of waste water. The catalyst 
loading can be further improved to minimize the use of catalyst material. 
 
8.2 Possible future developments 
 While this current study is centered at metal sulfides, it will be of 
interest to consider the fabrication of other metal chalcogenide classes, i.e. the  
selenides and tellurides. While we studied the fabrication of metal sulfides 
from metal thiocarboxylates single-source precursors, metal selenides have 
also been synthesized from their corresponding metal selenocarboxylates.
6
 For 
example, Ag2Se can be prepared from [(Ph3P)3Ag2(SeCOPh)2],
7
 while ternary 
AgInSe2 has been prepared from [(Ph3P)2AgIn(SeCOPh)4].
8
 Various metal 
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tellurocarboxylates have been prepared and they may potentially be suitable 
single-source precursors to prepare metal tellurides.
9
 However 
tellurocarboxylates are known to be very air-sensitive and it will be a synthetic 
challenge to prepare stable derivatives as suitable single-source precursors. 
Selenocarboxylates on the other hand are mildly air-sensitive but much easier 
to handle.  
 
 It is suggested that the air stable metal selenites and tellurites may 
potentially be suitable single-source precursors. The precursors can be readily 
precipitated by mixing an aqueous solution of either sodium selenite (Na2SeO3) 
or sodium tellurite (Na2TeO3) with aqueous solutions of the corresponding 
metal salts. We performed preliminary studies and successfully prepared 
toluene dispersible nano-sized Sb2Te3, Bi2Te3, SnTe and PbTe from their 
respective tellurite precursors, in the octadecene solvent and DdT surfactant. 
The methodology employed is similar to the discussion in Chapter 2. The 
preliminary results are illustrated in figure 8.1 below. Alternatively, the dual-
source precursor approach, similar to the thiosulfate approach in Chapter 3, 
can be used with both Na2SeO3 and Na2TeO3 acting as the respective 
chalcogen source. While the metal selenite and tellurite precursors are highly 
insoluble in water, we observed that addition of MSA surfactant to aqueous  
Na2SeO3 or Na2TeO3 solution prior to addition of metal salt forms a soluble 
precursor complex reaction mixture. This mixture may be a suitable precursor 
to prepare water dispersible metal selenides or tellurides. 
 
 As discussed above, there remains a wide avenue of possible 
developments towards the fabrication of metal chalcogenide materials. The 
next practical step is to perform potential application studies on the materials 
prepared. While Chapters 5 to 7 discussed the findings of some application 
studies, the scope covered is far from extensive. For instance, we briefly 
mentioned thermo-electric applications for Sb2S3 and Bi2S3 materials but the 
study of that property has yet to be covered in this thesis. Metal chalcogenides 
being a large class of semi-conductor has many useful properties which itself 
manifest ample research opportunities. 
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Figure 8.1. PXRD and the corresponding TEM micrographs of some metal 
tellurides obtained via colloidal synthesis from their respective metal tellurite 
single-source precursor. 
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8.1 Summary and highlights of current study 
 This work is generally divided into two parts; the first being the 
fabrication of metal sulfide materials by chemical means, followed by the 
studies of potential applications in the second part. In this section, we will 
highlight the results of our studies discussed in the earlier chapters and suggest 
some probable extensions to the work done. In the next section, we will 
suggest some other probable further investigative studies that we have 
currently not included in our studies. 
  
 Micro-sized Sb2S3 of varying morphologies have been prepared from 
the decomposition reactions of its single-source precursor, Sb(SCOPh)3, under 
different reaction conditions. The synthesis is further sub-divided into 
hydrophobic and hydrophilic solvent systems. For the hydrophobic system, 
TOPO is used as the primary solvent with DdT or amines (OTA, OLA) as the 
accompanying surfactants. The structures obtained are primarily rod-based, 
such as bowtie-like rod bundles, radial clusters of hollow rods and forked end 
rods. The growth mechanism for the structures have been proposed, based on 
the morphology of the isolated product samples at different time intervals. In 
contrast different structures are obtained from the hydrophilic system, with EG 
as the primary solvent, coupled with compatible surfactants, such as PVP, 
CTAB, MSA and L-cys. The micro-structures obtained include sausage-like, 
urchin-like, flower-like and brush-end rods. The significance of this work is 
that different morphologies of Sb2S3 can be obtained by the control of reaction 
conditions, despite the use of just one common single-source precursor. We 
believe that this approach can be extended to other thiocarboxylate derivates. 
 
 Alternatively, much effort was directed towards the development the 
dual-source precursor route, with Na2S2O3 as the primary sulfur source, with 
water as the primary solvent, coupled with hydrophilic surfactants MSA and 
NaMPS. The versatility of this method is demonstrated from the preparation of 
different water dispersible metal sulfides with the respective metal salt as the 
metal source. In general, the metal sulfides prepared from this route are 
spherical based. Much emphasis was directed towards the fabrication of water 
dispersible Bi2S3 nano-material. The control of temperature affects the 
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crystallinity of the product, where room temperature and reflux reactions yield 
amorphous and crystalline Bi2S3 respectively. The morphology of Bi2S3 
obtained include nano-spheres, -flowers and -rods. The growth mechanism for 
the nano-flowers and -spheres is also discussed. Sb2S3 nano-spheres are also 
prepared using the same methodology. The trend observed from the variation 
of experimental conditions is slightly different from Bi2S3. Unlike Bi2S3, 
amorphous Sb2S3 nano-spheres are obtained from reflux reactions. We observe 
the trend that smaller nano-spheres are obtained when NaMPS is used as the 
surfactant in place of MSA. The sphere size can also be tuned from the use of 
water miscible solvent pairs in place of water. The solvent pair affects the 
particle size by controlling both the reflux temperature and the precursor 
solubility. Interestingly these trends are not observed previously in the Bi2S3 
system. Similarly in the preparation of ZnS, smaller nano-spheres are obtained 
with NaMPS as compared to MSA surfactant. However the use of NaMPS 
surfactant has to be accompanied by a weak reducing agent as no product was 
obtained in its absence. The size can be further fine-tuned by the choice of 
reducing agent. Smaller nano-spheres are obtained with of glucose as 
compared to ascorbic acid. Hierarchical structured In2S3 nano-spheres making 
up of folded plates are obtained. Other binary metal sulfides prepared from 
include Ag2S, CdS, HgS and PbS. Ternary metal sulfides can also be prepared 
from the use of to metal salts; CuInS2, AgInS2, ZnIn2S4, CdZnS and SbBiS3 
materials have been prepared. While simple reflux reactions are employed  
primarily, this methodology can be further extended to hydrothermal systems, 
with the use of sealed autoclaves. We believe that this is an overall useful and 
attractive approach to prepare water dispersible metal sulfides, attributed both 
to its versatility and simplicity. However it is interesting to note that the 
reaction trends can be complex and varies with different metal systems. It is 
also of noteworthy mention that environmental friendly and low toxic starting 
materials are used (with the exception of toxic metals Pb, Cd and Hg). Water 
is used as the primary solvent, making this methodology an overall "green" 
approach to synthesize metal sulfide materials. 
 
 In addition to binary metal sulfides, we also investigated the 
fabrication of ternary (Sb,Bi)2S3 materials, prepared from both thiobenzoate 
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and thiosulfate precursors. The variation of Sb:Bi precursor affects not only 
the metal ratio composition of the solid solution but also the morphology of 
the structures obtained. We observe general evolution trends of both systems 
with changing Sb:Bi ratios. For the thiobenzoate precursor route, nano-rods 
obtained generally increase in size with increasing Sb content. The trend 
observed with increasing Sb content is arranged as follows: small nano-rods, 
large nano-rods, large nano-plates, micro-bowties. Different structural 
evolution is observed for the thiosulfate precursor route in order of increasing 
Sb content: nano-flowers, nano-urchins, nano-rods, rod-sphere mixtures, nano-
spheres. For the solid solutions obtained from the thiosulfate precursors, the 
crystallinity drops with increasing Sb content. The key challenge it is difficult 
to predict the product Sb:Bi as it does not necessarily matches the precursor 
ratios. Similar observations have been reported in the literature, where it is 
suggested that the product metal ratio is also dependent on structure.
1
 In the 
course of our studies, only the only variable explored is Sb:Bi precursor  ratio. 
It will be worthwhile to extend this work to include other experimental 
variables, such as temperature, surfactant type, etc, so as to better understand 
the trends observed. We believe that this work can be further extended to other 
ternary or even quaternary metal sulfide systems. 
 
 NLO studies have been conducted on Bi2S3 nano-rod and Bi2S3@Au 
nano-rod composite materials with nano- and femto-second lasers at different 
wavelengths and laser powers. Both samples exhibit non-linear activity with 
the composite material exhibiting a greater intensity. While we only studied 
the NLO activity on only one type of sample, this work can be extended to the 
other metal sulfides prepared, both binary and ternary. 
 
 Post reaction surface modification with PVP performed on water 
dispersible Bi2S3 nano-flowers prepared earlier improved the overall dispersity 
in saline solutions. While post reaction addition of PVP has negligible effect 
on the structures, addition of PVP into the reaction mixture prior to reflux 
yields nano-rods instead, which are smaller and better dispersed in either 
saline or water. As Bi2S3 has been reported to be potential CT scan contrast 
agents,
2-4
 basic X-ray imaging studies are performed on our samples. CT 
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phantom scans on Bi2S3 samples suggest that the samples are effective in 
absorbing X-rays during the imaging process. However the contrasting ability 
is not as effective as compared with the commercial contrast agent, 
Omnipaque. This is possibly due to the particle size and solvent dispersity, 
which resulted in the poorer than expected contrasting ability. It is however of 
noteworthy mention that our work addressed the issue of difficulties in 
morphological control and surface modification of Bi2S3 nano-particles.
5
 
Further developments on this work can be focused towards the fabrication of 
even smaller Bi2S3 nano-particles as the smaller particles are expected to have 
better dispersity in solvents. Other than pure Bi2S3 compounds, it will be 
interesting to study the contrasting ability of composite materials, such as 
Bi2S3@Au nano-composites. The composite materials are of interest due to 
probable synergic interactions between each individual component.  
 
 Finally we observed that the water dispersible ZnS nano-spheres are 
suitable materials for the photo-degradation of the common dyes MB, MO and 
RB under UV irradiation at 365 nm. We observed that the degradation 
efficiency (DE) increases with smaller particle size and is optimal mild basic 
conditions. The DE of our ZnS sample is superior to the commercial photo-
catalyst standard, Degussa P-25. While not discussed extensively, we also 
observed similar photo-degradation activity from preliminary studies on other 
sulfide materials prepared, including In2S3, CuInS2 and AgInS2. The ultimate 
aim for this work is to develop a catalyst that works under solar light 
conditions for practical economical treatment of waste water. The catalyst 
loading can be further improved to minimize the use of catalyst material. 
 
8.2 Possible future developments 
 While this current study is centered at metal sulfides, it will be of 
interest to consider the fabrication of other metal chalcogenide classes, i.e. the  
selenides and tellurides. While we studied the fabrication of metal sulfides 
from metal thiocarboxylates single-source precursors, metal selenides have 
also been synthesized from their corresponding metal selenocarboxylates.
6
 For 
example, Ag2Se can be prepared from [(Ph3P)3Ag2(SeCOPh)2],
7
 while ternary 
AgInSe2 has been prepared from [(Ph3P)2AgIn(SeCOPh)4].
8
 Various metal 
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tellurocarboxylates have been prepared and they may potentially be suitable 
single-source precursors to prepare metal tellurides.
9
 However 
tellurocarboxylates are known to be very air-sensitive and it will be a synthetic 
challenge to prepare stable derivatives as suitable single-source precursors. 
Selenocarboxylates on the other hand are mildly air-sensitive but much easier 
to handle.  
 
 It is suggested that the air stable metal selenites and tellurites may 
potentially be suitable single-source precursors. The precursors can be readily 
precipitated by mixing an aqueous solution of either sodium selenite (Na2SeO3) 
or sodium tellurite (Na2TeO3) with aqueous solutions of the corresponding 
metal salts. We performed preliminary studies and successfully prepared 
toluene dispersible nano-sized Sb2Te3, Bi2Te3, SnTe and PbTe from their 
respective tellurite precursors, in the octadecene solvent and DdT surfactant. 
The methodology employed is similar to the discussion in Chapter 2. The 
preliminary results are illustrated in figure 8.1 below. Alternatively, the dual-
source precursor approach, similar to the thiosulfate approach in Chapter 3, 
can be used with both Na2SeO3 and Na2TeO3 acting as the respective 
chalcogen source. While the metal selenite and tellurite precursors are highly 
insoluble in water, we observed that addition of MSA surfactant to aqueous  
Na2SeO3 or Na2TeO3 solution prior to addition of metal salt forms a soluble 
precursor complex reaction mixture. This mixture may be a suitable precursor 
to prepare water dispersible metal selenides or tellurides. 
 
 As discussed above, there remains a wide avenue of possible 
developments towards the fabrication of metal chalcogenide materials. The 
next practical step is to perform potential application studies on the materials 
prepared. While Chapters 5 to 7 discussed the findings of some application 
studies, the scope covered is far from extensive. For instance, we briefly 
mentioned thermo-electric applications for Sb2S3 and Bi2S3 materials but the 
study of that property has yet to be covered in this thesis. Metal chalcogenides 
being a large class of semi-conductor has many useful properties which itself 
manifest ample research opportunities. 
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Figure 8.1. PXRD and the corresponding TEM micrographs of some metal 
tellurides obtained via colloidal synthesis from their respective metal tellurite 
single-source precursor. 
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 The following chemicals were obtained from commercial sources and 
used as received without further purification. 
 
9.1.1 Metal salts 
1) Bismuth(III) citrate (Aldrich, 99.99%) 
2) Bi(NO3)3.5H2O (Aldrich, 98+%) 
3) Potassium antimony tartrate (Alfa Aesar, 98%) 
4) SbCl3 (Fluka, >99%) 
5) InCl3 (Fluka, ~98%) 
6) ZnCl2 (Fluka, >98%) 
7) CdCl2.H2O (Merck, >98%) 
8) HgCl2 (BDH) 
9) CuCl2.2H2O (Fluka, >99%) 
10) AgNO3 (Merck, 99.8%) 
11) KAuCl4.2H2O (Tenjin Delan Fine Chemical) 
12) Pb(NO3)2 (Merck, 99%) 
 
9.1.2 Surfactants and high boiling point organic solvents 
1) 1-Dodecanethiol / DdT  (Aldrich, 98+%) 
2) Octadecene / ODE (Aldrich, 90%) 
3) Octylamine / OTA (Aldrich, 99%) 
4) Oleylamine / OLA (Aldrich, 70%) 
5) Oleic acid / OA (Aldrich, 90%) 
6) Trioctylphosphine oxide / TOPO (Sigma-Aldrich, 90%) 
7) Polyvinylpyrrolidone / PVP (BDH) 
8) Cetrimonium bromide / CTAB (Merck, >97%) 
9) Sodium dodecyl sulfate / SDS (Fluka, >99%) 
10) Mercaptosuccinic acid / MSA (Aldrich, 97%) 
11) Sodium 3-mercapto-1-propanesulfonate / NaMPS (Aldrich, 90%) 
 
9.1.3 Other miscellaneous compounds 
1) Na2S2O3.5H2O / STS (BDH, >99.5%) 
2) α-D-glucose (Sigma-Aldrich, 96%) 
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3) L-ascorbic acid / L-AA (Merck, 99.7%) 
4) L-cysteine / L-cys (Merck) 
5) Methylene blue / MB (Riedel-de Haën) 
6) Methyl orange / MO (May Baker) 
7) Rhodamine B / RB (Aldrich, ~80%) 
8) Thiobenzoic acid / PhCOSH (Alfa Aesar, 94%) 
9) NaOH (Chemicon, 99-100%) 
 
9.2 Powder X-ray diffraction (PXRD) 
 Dried solid samples were redispersed in small amount of toluene. For 
water dispersible samples, 1 to 2 drops of EtOH was added to the suspension. 
The sample thin films were prepared by drop-casting the sample suspensions 
onto small glass slides. The thin film samples were mounted on the sample 
holder and the diffraction experiments were conducted using a Siemens D5005 




9.3 Scanning electron microscopy (SEM) 
 SEM samples were prepared by mounting dried powdered samples 
onto adhesive carbon tape, followed by platinum-coating at 20 mV for 40 to 
60 seconds. SEM experiments were conducted on the JEOL JSM-5200 
scanning microscope, with the accelerating voltage set to 15 kV. FESEM 
experiments were conducted on the JEOL JSM-6701F field emission scanning 
electron microscope. 
 
9.4 Transmission electron microscopy (TEM) 
 Small amounts of solid samples were redispersed with toluene or EtOH 
and kept in ultrasonic bath for about 15 minutes. The sample suspension was 
drop-casted onto carbon coated Cu or Ni TEM grids and dried under vacuum. 
TEM experiments were conducted on the JEOL 2010F or 3010 transmission 
electron microscope, in either the Department of Biological Sciences or 
Department of Material Science and Engineering, National University of 
Singapore. 
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9.5 Selected area electron diffraction (SAED) 
 SAED experiments were performed together with TEM experiments. 
 
9.6 Energy dispersive X-ray (EDX) spectroscopy 
 EDX measurements were performed by the Oxford EDX machine 
coupled to the JEOL 3010 TEM. 
 
9.7 Infrared (IR) spectroscopy 
 KBr pellet of solid samples were measured on a Varian 3100 FT-IR 
spectrometer. 
 
9.8 Ultraviolet-visible (UV-vis) spectroscopy 
 Solid samples were dispersed in appropriate solvents and dispensed 
into 1 cm width quartz cuvettes. The UV-vis spectra were measured with a 
Shimadzu UV2450 spectrometer. 
 
9.9 Non-linear optics (NLO) measurement 
 NLO measurements were performed by Dr. Venkatram Nalla and Dr. 
Venkatesh Mamidala from Professor Ji Wei's research group at the Department 
of Physics, National University of Singapore 
 
9.10 Computed tomography (CT) scan 
 Saline suspensions of the contrast agent test samples were prepared 
with 0.9% NaCl saline solution (B. Braun Medical Industries / Baxter). 
Control contrast agents solutions, Visipaque (320 mg I/mL, GE Healthcare) 
and Omnipaque (350 mg I/mL, GE Healthcare) were also diluted to different 
concentrations with saline solution by standard serial dilution. CT scan 
experiments were performed at the Diagnostic Radiology Clinic of Tan Tock 
Seng Hospital by Dr. Pua Uei (Consultant, Adjunct Assistant Professor). 
 
  
 
